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Abstract
This thesis is concerned with investigating causal explanations for the observed patterns
of sex differences in spatial cognition. Researchers in this area have traditionally reported a
male advantage in many spatial tasks, particularly mental rotation. However, a number of more
recent results suggest that the pattern of sex differences in spatial ability is more complicated:
females show a spatial memory advantage on some tasks involving large arrays of objects, and
navigational tasks seem to reveal sex differences in attentional bias toward different types of
spatial information. After reviewing three main types of causal explanations, it is concluded that
the evolutionary approach has at least two compelling advantages. Firstly, it is inherently multi-
disciplinary, and readily incorporates both biological-proximal and social-developmental
explanations, as these mechanisms are integral to the expression of evolved traits. Secondly, it
not only fits the available data, but provides a framework for generating novel theories and
predictions; indeed, Silverman and Eals (1992) used an evolutionary model of sex differences in
spatial ability – the 'hunter-gatherer' model, based on the sexual division of labour hypothesized
to underlie hominid foraging and navigational requirements – to successfully predict the
previously unobserved female advantage on certain object array tasks.
Thus, the primary aim of this thesis is to expand the hunter-gatherer model by further
examining the computational demands placed on spatial ability in ancestral humans, and by
making increasingly focused predictions about the cognitive skills underlying sex differences in
spatial performance. Following a detailed discussion of these computational demands, it is
argued that male-typical hunting as a foraging strategy is associated with long range survey-
based wayfinding, which requires the allocentric encoding of spatial relationships and enhanced
sensitivity to coordinate information such as distance, based on the use of external geometric
reference points. By contrast, it is argued that female-typical gathering as a foraging strategy is
associated with short range route-based wayfinding, which requires the ability to encode
relational egocentric-categorical information about a large number of objects, but does not
require enhanced sensitivity to categorical information.
In order to examine this proposed model, several different spatial tasks are used and
devised, with the aim of measuring sex differences in bias and sensitivity toward different types
of spatial information. In all cases the computational demands of the task are related to the
computational demands hypothesized to underlie hunting and gathering. Examples of
manipulations of established tasks include variations on mental rotation (including
measurements of the effects of angular distance), object array tasks, object recognition,
categorical and coordinate sensitivity tasks, the judgement of line angle and position, and the tilt
illusion. Examples of novel lower-level tasks designed to measure the skills underlying mental
v
rotation and object location memory include a rapid object array task, a judgement of vertical,
and a judgement of parallelism.
In almost all cases, results showed strong support for the hypotheses, and in some cases
the novel tasks produced extremely large sex differences in the predicted direction. Basically,
males show a clear advantage in sensitivity to coordinate information when external geometric
reference points are available; furthermore, they are able to encode that information
allocentrically, which allows the formation of spatial representations with the property of space
constancy. Females show a clear advantage in object-to-position assignment based on
egocentric-categorical encoding of a large number of relational positions. However, as
anticipated, the female advantage seems to be limited to encoding capacity, and does not extend
to sensitivity to categorical spatial information.
Conclusions offer support for the use of evolutionary psychology as a tool in generating
theoretical and experimental development. While further research is required to investigate the
biological implementation and developmental mechanisms underlying the observed sex
differences, it is hoped that this thesis contributes to the hunter-gatherer model of spatial ability,
and more generally to the field of sex differences in cognition.
vi
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1 Sex differences in spatial ability
Spatial abilities are a collection of cognitive skills that allow organisms to interact with
their environment in such tasks as navigation, recognising and manipulating objects, learning
about spatial relationships, and recalling locations. One important aspect of studying spatial
abilities is that males and females tend to differ on various tests of cognitive spatial abilities
(Voyer, Voyer, & Bryden, 1995). Three main meta-analyses of research in this area have been
performed (Maccoby & Jacklin, 1974; Linn & Petersen, 1985; Voyer et al., 1995), and all report
that males perform better than females on some, but not all, tests measuring skills that can
broadly be grouped as 'spatial' (Kimura, 1999). The Linn and Petersen (1985) and Voyer et al.
(1995) reviews in particular have provided substantial evidence that many spatial skills show a
reliable and robust sex difference, but that different tasks seem to produce notably different
sexual dimorphisms.
Furthermore, the Linn and Petersen (1985) and Voyer et al. (1995) meta-analyses have
found a lack of homogeneity of variance across studies using different spatial tasks, which
suggests that spatial ability is not a unitary construct, but can be divided into a number of
components. While each task may be considered to be an operational definition of one specific
component of spatial ability, most tasks seem to correlate strongly with some others, and can
thus be grouped into broader categories (Linn & Petersen, 1985; Voyer et al., 1995). These
categories, and the individual tasks that comprise them, will now be discussed. Note that other
types of spatial tasks and ways of categorizing those tasks will be discussed as appropriate, and
some will be introduced in later sections of the thesis. In all cases, the size of any sex difference
in performance is reported using the statistical effect size, d , which refers to the mean
standardized difference between scores of two groups, or in this case the mean difference in
standard deviations between the scores of males and females. For example, an effect size of 1.0
describes a sex difference of 1 pooled standard deviation between the means. According to
Cohen (1997), an effect size over 0.80 is considered 'large'.
1.1 Groups of spatial tasks
1.1.1 Mental rotation
The largest and most reliable male advantage seems to be on mental rotation tasks, also
known as imaginal rotation and spatial orientation tasks (Kimura, 1999; Linn & Petersen, 1985;
Voyer et al. 1995). Mental rotation (MR) involves the imagined transformation of a figure
through an angle of rotation (Shepard & Metzler, 1971); this requires maintaining an accurate
conception of the spatial configuration of that object across different viewpoints. Mental
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rotation performance is most commonly quantified using measures of accuracy and reaction
time, and the majority of studies that measure overall performance on mental rotation tasks find
an increase in reaction time with an increase in angular distance travelled (for example Cooper,
1976; Cooper & Shepard, 1973; Metzler & Shepard, 1974; Shepard & Metzler, 1971). That is, it
takes time to mentally rotate an object, and the further the rotation, the longer it takes. Shepard
and Metzler (1971) note two fundamental findings regarding this cost of angular distance.
Firstly, time taken increases linearly with degrees of rotation (up to a maximum of 180°, after
which point the object can be rotated in the other direction). Secondly, the cost of angular
distance is the same for rotations in the picture plane and for rotations in depth. These findings
suggest that MR may be conceived of as an imagined analogue simulation of a physical rotation
(see Bethell-Fox & Shepard, 1988; although see Pylyshyn, 1981 for an opposing view).
A number of authors have argued that mental rotation can be broken down into three
stages: encoding, rotation, and comparison (see for example Bethell-Fox & Shepard, 1988;
Bryden, George, & Inch, 1990; Just & Carpenter, 1985). The first stage involves encoding the
object, and encoding the spatial relationships between parts of the object. (Note that it will later
be argued that the information encoded in this phase may affect the strategy used to complete
mental rotation, and could thus contribute to the observed sex difference.) The second stage
involves mentally rotating the object, which is most commonly seen as a mental analogue of
physical rotation. Finally, the third stage involves comparing the mentally rotated object and the
object in question, in order to determine the identity of the objects.
The most popular mental rotation task is Shepard and Metzler’s (1971) Mental
Rotations Test (MRT), and the most commonly used version seems to be an adaptation by
Vandenburg and Kuse (1978). This task involves deciding whether novel three-dimensional
objects (see examples below) are the same as a sample object, regardless of their orientation.
Trials in this task are typically presented as a multiple-choice question involving a sample
object and four test objects; two of these are the same as the sample object (though rotated
through some angular distance), and two are mirror images of the sample object, and thus
cannot be brought into congruence through any rotation (see Figure 1). On the Vandenberg and
Kuse (1978) task, both of the correct choices must be selected in order to score a correct
response on that trial, although another less strict scoring procedure involves giving a mark for
each correct response, resulting in two marks for a flawless trial (Voyer et al., 1995).
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Figure 1. An example from the Vandenberg and Kuse (1978) Mental Rotations test. The correct
choices 1 and 3 are the same as the sample object (far left), while the incorrect choices 2 and 4
are mirror images of the sample object.
Tasks other than the Vandenberg and Kuse (1978) task that can still be classified as
belonging to the mental rotations group (as per Voyer et al., 1995) include:
• Generic mental rotation tasks, which include any variation of the Shepard and Metzler
(1971) three-dimensional chronometric task (which enables the measurement of reaction
time effects), presented either on slides or computer screen.
• The Cards Rotation test (Ekstrom, French, & Harman, 1976), which involves the mental
rotation of two-dimensional objects. More recent two-dimensional rotation tasks include the
clock task devised by Collins and Kimura (1997), which involves specifying the orientation
of an object after imagining its rotation to a specified position on a clock-face.
• The Spatial Relations subtest of the Primary Mental Abilities test (PMA-SR; Thurstone,
1958), which also involves the mental rotation of two-dimensional objects.
Voyer et al. (1995) reported a significant male advantage when these tasks are
considered as a group (effect size = 0.56). Furthermore, when considered individually, each of
the tasks revealed a significant sex difference, although the effect size varied. The Vandenberg
and Kuse (1978) Mental Rotations task produced the largest sex difference, particularly when
using a strict scoring procedure (effect size = 0.94). This effect size of close to 1.0 is commonly
reported for the Mental Rotations task in more recent literature (see for example Collins &
Kimura, 1997). Voyer et al (1995) reported that a less strict scoring procedure (awarding one
mark for each correct choice, rather than one mark for the two correct choices required in a
flawless trial) produced a slightly smaller sex difference (effect size = 0.70). The two-
dimensional tasks also produced smaller differences than the Vandenberg and Kuse (1978) task:
the PMA-SR produced an effect size of 0.44, while the Cards Rotation test produced an effect
size of 0.31. More generally, other generic mental rotation tasks produced a smaller sex
difference than the Vandenberg and Kuse (1978) task (effect size = 0.37), which may
conceivably be due to various methodological issues and inconsistencies between studies. For
example, a number of different stimuli have been used in generic MR experiments, including
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three-dimensional block shapes (Shepard & Metzler, 1971), two-dimensional black and white
matrices (Bethell-Fox & Shepard, 1988), random polygons, abstract designs, alphanumeric
characters (Desrocher, Smith, & Taylor, 1995), and familiar objects (Watson & Kimura, 1991).
Furthermore, a number of different paradigms have been used, including multiple choice
matching-to-sample (Vandenburg & Kuse, 1978), imaginal view-finding (Collins & Kimura,
1997; Watson & Kimura, 1991), and delayed matching-to-sample (Shepard & Metzler, 1988).
While the stimuli used in MR tasks vary along a number of factors such as
dimensionality, complexity, and familiarity, overall task difficulty seems to be the primary
determinant of the size of the sex difference. For example, tasks using three-dimensional (3D)
stimuli are commonly reported as showing a larger sex difference than tasks using two-
dimensional (2D) stimuli (as above). However, data suggest that task difficulty, not
dimensionality per se, is the source of this discrepancy. Specifically, Collins and Kimura (1997)
found that increasing the difficulty of a 2D task (the clock task) produced sex differences as
large as that produced by a 3D task (the standard MRT used by Vandenburg & Kuse, 1978).
Their 2D tasks required rotating a sample object to a directed orientation; the easy version
contained orientation cues, while the difficult version contained no such cues. Collins and
Kimura (1997) found effect sizes of 0.86 on the 3D test, 0.43 on the easy 2D test (both of which
are in accordance with the results of Voyer et. al, 1995), and 1.1 on the difficult 2D test, which
is even larger than that normally reported for the 3D MRT. This result suggests that the
observed large male advantage in MR tasks may extend across two- and three dimensional
stimuli, and is largest in tasks that are sufficiently difficult.
1.1.2 Spatial perception
Voyer et al. (1995) report a moderately large male advantage in tasks that measure
'spatial perception', which is defined as the ability to accurately determine simple geometric
relationships (such as horizontal and vertical), often in the presence of distracting information.
This group of tasks most commonly includes the Water Level test and the Rod-and-Frame test
(Voyer et al., 1995). The Water Level test (Piaget & Inhelder, 1956) involves indicating the
orientation of the water line in a tilted container (which basically involves drawing a horizontal
line). Voyer et al. (1995) report a significant male advantage on this task, with an effect size of
0.42, which is of moderate size. This sex difference persists even when the nature of the task is
explained to people, which suggests that the observed effect is not due to a sex difference in
knowledge about the physical properties of liquids (Kimura, 1999, p. 57). The Rod-and-Frame
test involves viewing a tilted rod within a slightly tilted frame, and setting the rod to vertical.
Voyer et al. (1995) report a male advantage on this task, with an effect size of 0.48.
Both the Water Level and Rod-and-Frame tasks seem to be related to a spatial skill
known as 'field independence', which is the ability to attend to or perceptually separate simple
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visual forms that are embedded in a more complex and perceptually compelling visual field
(Miller, 2001). In this case, the tilted container and the tilted frame serve as visual distracters
from horizontal and vertical respectively, and individuals who can disregard this information
(i.e. those who are relatively field independent) will outperform those who cannot (i.e. those
who are relatively field dependent). There seems to be a sex difference in these and other tasks
that measure field independence (Kimura, 1999): males are often found to be more field
independent, while females are more field-dependent (although this conclusion is controversial;
see Halpern, 1992; Voyer et al., 1995). Most commonly, field independence is measured using
embedded figures tasks (classified by Voyer et al. (1995) as part of the spatial visualization
group; see below), which involve finding a simple figure hidden in a more complex display.
However, sex differences in embedded figures tasks (Witkin, 1950) are highly inconsistent, and
Voyer et al. (1995) conclude that no significant sex difference was proven by previous research.
Miller (2001) suggests that sex difference in spatial strategy, rather than sex differences in field
dependence per se, may underlie any observed sex differences in these and other tasks that seem
to involve field dependence, such as the increased female susceptibility to the complex Ponzo
illusion (Miller, 2001). (Sex differences in spatial strategy will be elaborated upon in later
sections.)
A more recent task that may fit into the spatial perception group is the Judgement of
Line Angle and Position (JLAP; Collaer & Nelson, 2002), which is adapted from the common
neuropsychological Judgement of Line Orientation test (JLO; Benton, Varney, & Hamsher,
1978). The JLAP involves judging the orientation of target lines by matching them to a sample
line from a semicircular array of choices arranged in 15° increments. This task, which shows
theoretical and performance similarities to the Water Level test (see Collaer & Nelson, 2002),
has produced a large male advantage, with an effect size of 0.85.
1.1.3 Spatial visualization
Tasks that have been grouped by Voyer et al. (1995) as spatial visualization tests show
male advantages that, if they exist at all, are much smaller and less reliable than those found in
the MRT and spatial perception groups. Tests in this group often involve visualizing what
would happen if parts of an object were folded or manipulated. They include:
• The Identical Blocks test (Stafford, 1961), which involves choosing which of a number of
blocks is the same as a sample block, given a variety of identifying features on the faces of
the blocks. Voyer et al. (1995) report a significant male advantage on this task, which is
much larger when individual testing is used (effect size = 0.54) than when group testing is
used (effect size = 0.17). Voyer et al. (1995) argue that that the increased social pressure
associated with individual testing seems to affect males and females differentially, although
the cause of this remains unclear.
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• The Paper Form Board (Likert & Quasha, 1941), in which participants are shown a set of
fragmented two-dimensional parts of an object, and are required to decide which of five test
objects can be formed from the fragments. Voyer et al. (1995) report a small male
advantage on this task, with an effect size of 0.18.
• The Embedded Figures test (Witkin, 1950), which, as mentioned above, involves finding a
simple figure embedded in a more complex display. Voyer et al. (1995) report no reliable
sex difference on this task.
• The Spatial Relations subtest of the Differential Aptitude Test (DAT-SR; Bennett,
Seashore, & Wesman, 1947), which involves being presented with a sample that depicts an
unfolded box, and identifying which of four test choices represents that box when folded.
Voyer et al. (1995) report no reliable sex difference on this task.
• The Block Design subtest of various Wechsler intelligence scales (WAIS, WAIS-R, and
WISC; Wechsler, 1949, 1955, 1974, 1981), which involves manually reconstructing a
sample pattern from a number of coloured, three-dimensional blocks. Voyer at al. (1995)
report no reliable sex difference on this task.
• The Paper Folding task (Ekstrom et al., 1976), which involves deciding which of a number
of unfolded pieces of paper are the same as a folded sample piece that had been hole-
punched. Voyer at al. (1995) report no reliable sex difference on this task.
The lack of a large and robust male advantage in spatial visualization tasks, especially
in comparison to mental rotation tasks, seems to be theoretically and practically significant.
Voyer et al. (1995) argue that given the clear and reliable existence of sex differences in some
aspects of spatial ability, determining the underlying causes of these differences is the next
phase. Furthermore, given that spatial ability is clearly not a unitary construct, the specific tasks
that show the largest sex difference will be of principal benefit in this process of investigating
the causes of sex differences in spatial ability. Thus, Voyer et al. (1995) argue that the Mental
Rotations test will be of primary utility to future research, while many of the spatial
visualization tasks will be much less valuable in providing insights.
1.1.4 Other spatial tasks
There are a small number of spatial tasks not included in the meta-analyses listed above
(Maccoby & Jacklin, 1974; Linn & Petersen, 1985; Voyer et al., 1995) that show clear and
reliable sex differences, including navigation, targeting, and object location memory.
1.1.4.1 Navigational tasks
A number of spatial tasks that are designed to assess navigational ability show sex
differences, including simulated navigation (using two-dimensional maps or three-dimensional
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virtual environments), and real-world wayfinding. For example, Galea and Kimura (1993)
found a male advantage in route-learning using a two-dimensional map. When having to learn a
novel route through a map of a town, males made fewer errors and showed faster learning. In
addition, there was a sex difference in the type of information used to learn the route: males
retained superior knowledge of the Euclidian properties of the map (such as distances and
direction), while females retained superior knowledge of details of landmarks, such as street
names. Interestingly, Galea and Kimura (1993) found significant correlations between route-
learning and mental rotation score for both sexes, but no correlation between route-learning and
a memory task. These sex differences in route-learning strategy seem to emerge by early
adolescence (Choi & Silverman, 2003).
Moffat, Hampson, and Hatzipantelis (1998) found a very large male advantage on a
three-dimensional virtual navigation maze-learning task in both reaction time (effect size =
1.57) and accuracy (effect size = 1.40). Furthermore, they found a significant but sexually
dimorphic set of correlations between psychometric measures (including the mental rotations
test) and maze performance. Specifically, males showed a highly significant correlation
between maze performance and spatial factor scores, but no correlation between maze
performance and verbal factor scores. In contrast, females showed significant correlations
between maze performance and both spatial and verbal factor scores. This suggests that the
spatial strategy underlying maze performance may be related to traditional tasks, but it may be
different for males and females.
Real-world wayfinding tasks also tend to show a clear male advantage, and a clear
relationship to mental rotation tasks in particular. For example, Silverman, Choi, Mackewn,
Fisher, Moro, and Olshansky (2000) led subjects on a circuitous route through a wooded area,
and at various points required participants to indicate the direction of their starting point.
Subsequently, participants were required to lead the experimenter back to the starting point by
the most direct route. Note that by design this wayfinding task required adopting an 'orientation'
or 'survey' strategy, which requires global reference points, as opposed to a 'route' strategy,
which requires attending to local landmarks; this will be expanded upon in a later section (see
Lawton, 1994; 1996). Males showed a large advantage on both measures of wayfinding. In
confirmation of the above results linking navigation tasks with some spatial tasks, wayfinding
ability was significantly correlated with mental rotation score, but not with non-rotational
spatial tasks, or with general intelligence (Silverman et al., 2000). Furthermore, mental rotation
score was the sole significant predictor in a multiple regression analysis, suggesting that sex
differences in wayfinding are specifically a function of sex differences in the skills used in




Another very large male advantage is found in targeting, which involves interpreting
the paths of projectiles, and coordinating motor activity in order to accurately hit targets and
intercept moving objects (Kimura, 1999). The effect size is usually approximately 1.0, which is
similar to the typical effect size of the Mental Rotations task (Watson & Kimura, 1991; Watson,
2001). While targeting clearly involves a large motor component, Kimura (1999) and others
(Watson & Kimura, 1991; Watson, 2001) argue that it also involves a complex cognitive spatial
analysis of various physical properties of moving objects, such as trajectory and speed.
Evidence for this spatial cognition component (as opposed to the motor component) of targeting
comes from a number of sources, including the existence of large sex differences in underhand
throwing in young children aged 3 to 5 years (Lunn, 1987). If the male advantage in targeting
was simply the result of greater musculature or throwing experience, it is unlikely that the sex
difference would emerge at that young an age, particularly in underhand throwing (Kimura,
1999). Using adults, Watson and Kimura (1991) measured the relationship between previous
target-related sports experience and targeting ability, and found that experience accounted for a
negligible proportion of the sex difference. Furthermore, there is a large male advantage in
specific components of targeting that do not involve as much motor coordination as throwing.
For example, the male advantage is observed in interception, which involves bringing a hand
into contact with, but not catching, a projectile (Watson & Kimura, 1991).
Watson and Kimura (1991) found that targeting, as measured by dart throwing and
projectile interception, did not correlate strongly with more traditional pencil-and-paper based
measures of spatial ability. Their conclusion was that targeting may represent a cognitive spatial
ability that is separable from traditional categories of spatial ability identified by earlier meta-
analyses (Linn & Petersen, 1985; Voyer et al., 1995). However, other studies (Jardine & Martin,
1983; Kolakowski & Malina, 1984) have found a correlation between targeting and some spatial
tasks. This discrepancy may reflect methodological differences, as measures of both targeting
and traditional spatial ability varied between these studies. A parsimonious conclusion seems to
be that targeting is related to other spatial cognitive skills, but may form another subcategory to
those suggested by established meta-analyses (Voyer et al., 1995). Thus, assuming that targeting
is at least partly a cognitive skill (Watson, 2001), the size of the sex difference may render
targeting (at least as measured by tasks that involve a minimal motor component, such as
interception) useful in revealing some of the various factors underlying sex differences in
spatial ability not measured by more traditional spatial tests (Voyer et al., 1995).
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1.1.4.3 Object location memory
Over more recent years, a number of authors have found a female advantage in some
spatial tasks involving object location memory (for example Silverman & Eals 1992; James &
Kimura, 1997; McBurney, Gaulin, Devineni, & Adams, 1997), which typically involve
remembering and subsequently recalling the locations and identities of objects presented in an
array. This finding runs contrary to the traditional view that males have generally superior
spatial skills (for example Voyer et al., 1995), and has provided much of the incentive for this
thesis.
The most common example of an object location memory task that shows a female
advantage is the object array task developed by Silverman and colleagues (for example
Silverman and Eals, 1992). This typically involves presenting the participant with a sample
array (such as the top array in Figure 2), and instructing them to study it for one minute.
Participants are then presented with an altered test array (such as the bottom array in Figure 2),
on which they are instructed to mark any changes. Interestingly, while there is a clear overall
female advantage on this task, different versions produce differential results, and some
variations do not show a reliable sex difference (see for example Silverman & Eals, 1992;
James & Kimura, 1997). This suggests that a number of components of spatial ability may be
mediating performance. These issues will be discussed in detail in a later section.
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Figure 2. An object location memory task (Silverman & Eals, 1992). The upper array is the
sample array, and the lower array is the test array, in which approximately half of the objects
have exchanged locations.
Another object location memory task used by McBurney et al. (1997) is the commercial
game 'Memory', which involves attempting to match pairs of objects depicted on cards that are
arranged face-down on a table. Note that this game is also known as 'Concentration'; this
terminology will be used through this thesis to avoid confusion with aspects of spatial memory.
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Accurate performance on this task requires recalling the locations and identities of previously
viewed cards. The female advantage on this task reported by McBurney et al. (1997) is large,
with an effect size of 0.89, which is within the range of effect sizes reported for the Mental
Rotations task.
Given that tasks which show a large sex difference are considered particularly revealing
in the study of sex differences in spatial ability (Voyer et al., 1995), the large female advantage
observed in object array tasks suggests that they may be especially useful. In particular, it will
be argued that manipulating the computational demands of these object array tasks will help
clarify the cognitive abilities underlying the female advantage. Furthermore, designing tests that
tap into the fundamental skills used in various tasks that show robust sex differences in both
directions (for example mental rotation and object array tasks) will assist the investigation of the
nature and cause of sex differences in specific components of spatial ability.
1.2 Explaining sex differences in spatial cognition
Given the observed complex patterns of sex differences in spatial ability, it seems
necessary to discuss accounts of why these might occur. Many competing explanations have
been offered, but it is possible to group them into three main approaches: (a) socio-cultural
explanations, which focus on the role of socially-driven experience, (b) biological-proximal
models, which focus on developmental factors such as exposure to hormones, and anatomical
factors such as brain organization, and (c) evolutionary models, which focus on more distal (as
opposed to proximal) biological and genetic factors.
Each approach has been used to examine specific aspects of sex differences in spatial
cognition by adhering to a general metatheory about the sources of sex differences. As will be
explained, the different metatheory underlying each approach has resulted in relatively (though
by no means completely) distinct bodies of research which attempt to describe the sources and
nature of sex differences in spatial cognition at different levels of explanation. A strict
conceptual distinction between these approaches is slightly artificial, given that some authors
utilise more than one approach, and most authors would agree that a multi-disciplinary approach
is ultimately necessary. However, it is useful to clarify the underlying causal explanations and
metatheories by discussing the socio-cultural, biological-proximal, and evolutionary approaches
individually.
The following three chapters will be concerned with discussing each approach in some
detail. Each section will contain discussions of the general underlying metatheory, the proposed
mechanism explaining sex differences, the main findings, and the utility and limitations of that
metatheory. While each approach will be presented as a model, this term will be used in a
relatively broad and collective sense, referring to the underlying metatheoretical ideals and
12
experimental methods, rather than any specific model developed by an individual or group of
researchers. It should be noted again that authors with leanings toward any one of these three
approaches would not argue that their approach be studied in isolation, and the intention here is
not to create straw men whose positions are easily rejected as a result of their being isolationist.
Rather, the intention is to explain the benefits and costs associated with favouring each position,
and to discuss the complementary relationships between the approaches.
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2 Socio-cultural factors: The role of society and
experience
2.1 General underlying metatheory
Socio-cultural developmental accounts of sex differences focus on environmental and
experiential factors that affect how males and females interact with the world. Models may be
generated by studying sex differences in such areas as social and parental expectations, gender
roles, play, and educational influence, and hypothesising about the influence these factors may
have on the development of various cognitive skills. For example, a socio-cultural explanation
of sex differences in mental rotation tasks might hold that boys are encouraged to play with
more spatially-oriented toys (such as construction sets) than are girls, and thus get more practice
at tasks involving mental rotation and spatial manipulation of objects. As a result, males
outperform females on mental rotation tasks, and on tasks that tap into similar cognitive skills.
It should be noted that socio-cultural models are developmental models, in that they
focus on the experiences of childhood in explaining the existence of sex differences in spatial
skills. However, biological models (which will be discussed in the following section) may also
be developmental, in that they can focus on physiological factors that shape, and are shaped by,
development. So, while both approaches can invoke developmental and experiential
explanations, they tend to invoke different mechanisms of developmental change, namely socio-
cultural pressures versus biological and physiological factors.
2.2 Proposed mechanism explaining sex differences
There are a number of societal influences that pressure and encourage males and
females to perform in gender-specific ways. For example, there are sex differences in parental
treatment and activity choice (Etaugh & Liss, 1992; Lott & Maluso, 1993; Lytton & Romney,
1991; McBride-Chang & Jacklin, 1993; McHale, Bartko, Crouter, & Perry-Jenkins, 1990), in
educational expectations, for example from teachers and peers (Read, 1991), and in media
portrayals (Weiten, 2001). Socio-cultural models of sex differences in spatial ability (see for
example Saucier, McCreary, & Saxberg, 2002) hold that when gender roles result in differential
pressure to engage in spatially demanding activities, cognitive differences in spatial ability are
likely to develop. Thus, such models necessarily invoke learning – specifically operant
conditioning and observational learning – as the mechanism by which sex differences emerge.
The operant conditioning of gender roles can lead to sex differences in cognition
resulting from sex differences in the consequences of specific behaviours. The fundamental
principle of operant conditioning is that the consequence of a behaviour determines the
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likelihood that that behaviour will recur: favourable consequences increase the tendency to
perform the behaviour that led to that consequence, while adverse consequences decrease the
tendency to repeat that behaviour (Mazur, 1999). This is important in the development of
gender roles because people are tacitly and explicitly pressured by various factors in society
(such as parents, teachers, peers, and the media) to display gender-appropriate behaviours
(Maccoby & Jacklin, 1974; Weiten, 2001). This steady stream of gender-related reinforcement
and punishment results in people becoming conditioned to conform to the gender roles
determined by their society. When a frequently reinforced (and thus frequently-performed)
gender-appropriate behaviour requires some skill (such as throwing a ball or playing a musical
instrument), the Law of Practice determines that there will be an improvement in the skills
involved in performing that particular task (see Mazur, 1999). If it is the case that males and
females are differentially encouraged to engage in tasks that tax spatial ability (such as playing
with construction sets), then the laws of operant conditioning (Mazur, 1999) suggest that sex
differences in task-specific spatial abilities are likely to develop.
Gender roles may also be shaped by observational learning, in which patterns of
behaviour are developed through the observation of others' behaviour and its consequences
(Bandura, 1977; Mazur, 1999). This process of social learning may be important in the
development of sex differences in cognitive skills for two main reasons. Firstly, observing the
social consequences of gender-appropriate and gender-inappropriate behaviours in important
models is a fast and powerful way to learn the types of activities that are acceptable for one's
gender (Weiten, 2001). As a result, through observational learning, children can begin to
perform typically gender-appropriate behaviours from a very young age. Secondly,
observational learning of gender-appropriate behaviours facilitates the rapid acquisition of some
of the skills required to perform those behaviours. Bandura's (1979) four key processes in
observational learning – attention, retention, reproduction, and motivation – all allow the
observer to learn something of the skills involved in an activity, and this may contribute to the
development of sex differences (Weiten, 2001). For example, a boy learning that he is expected
to be able to throw a ball may involve watching his father throw a ball with positive
consequences, such as attention or sporting prowess. By attending to, memorising, reproducing
(or attempting to reproduce), and being motivated to master the skill of throwing a ball, the boy
has, through observation, learned not only that throwing is a gender-appropriate activity, but has
also learned something of the biomechanical skills involved.
2.3 Main findings
The socio-cultural model of sex differences has commonly been used to explain the
traditional finding that males have a general advantage in spatial tasks (Voyer et al., 1995).
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Such explanations may draw upon evidence that there are sex differences in behaviour
(governed by socio-cultural pressures), particularly from a young age, that affect the
development of spatial skills (Saucier, et al., 2002). For example, childhood play, including toy
preference and play style, may be important in the development of sex differences in spatial
skills because playing seems to facilitate the development of cognitive (as well as social and
physical) skills. More formally, this model makes two main predictions: (a) that there are
socially-driven sex differences in activities that relate to spatial ability, such as toy preference,
and (b) that these sex differences in experience account for the observed sex differences in
performance on spatial tasks (Caplan & Caplan, 1994). The main findings regarding these two
predictions are discussed below.
2.3.1 Sex differences in experience
Voyer, Nolan, and Voyer (2000) argue that many male-typical activities involve a high
spatial content, while many female-typical activities involve a low spatial content. This can be
seen in a number of areas, including toy preference and play style early in life, and employment
and sport choices later in life. These are discussed as follows.
Maccoby and Jacklin (1974) describe a number of sex differences in toy preference in
infants and young children, many of which seem clearly related to gender-appropriate
behaviours, and which seem to be encouraged by various factors in society. These include girls'
preference for dolls, and boys' preference for trucks (Etaugh & Liss, 1992). Importantly for
researchers investigating spatial skills, it seems to be the case that many of the toys that are
gender-appropriate for males involve spatial manipulations (Voyer et al., 2000). For example,
playing with toy vehicles, blocks, and construction sets fundamentally involves being aware of
the spatial relationships between objects. Indeed, the function of these toys is dependent on
knowledge of how objects move relative to one another, and as such they encourage learning
about the mechanics of space. In contrast to this, most toys that are gender-appropriate for
females seem to focus on social interaction, rather than spatial manipulation. For example,
playing with dolls and stuffed animals fundamentally involves being aware of social
relationships and interactions, rather than being aware of the spatial relationships between parts
of the play objects. That is, playing with a doll does not require manipulating parts or
constructing objects, rather it seems to require interacting socially (usually verbally) with the
doll.
One potentially important factor in the socialization of toy preference is that girls are
generally given more leeway to play with gender-inappropriate toys than are boys (Levy,
Taylor, & Gelman, 1995). For example, girls are less likely to be pressured to stop playing with
construction sets or toy cars than boys are likely to be pressured to stop playing with dolls
(Maccoby & Jacklin, 1974; Weiten, 2001). One consequence of this may be that girls are not
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very strongly discouraged from playing with toys that involve the manipulation of spatial
relationships. Yet, despite this appearance of relatively free choice, girls reliably show clear
preferences for specific non-spatial toy types. One conclusion may be that girls choose certain
toys such as dolls at least partly because they intrinsically prefer playing with them, not simply
because they are pressured by society to do so. Similarly, it may be the case that boys have
more experience with spatially-oriented toys, but as a function of biological-driven
predispositions in combination with socio-cultural pressures. This non socio-cultural account of
sex differences in toy preference has support from studies of girls with congenital adrenal
hyperplasia (CAH), which involves prenatal exposure to high levels of androgens (which are
generally 'masculinizing'); that is, girls with CAH are exposed to a hormone environment that is
in some respects similar to that of males (this will be elaborated upon in a section on hormonal
influences below). Interestingly, girls with CAH show male-typical toy preferences: they are
more likely to play with vehicles, and less likely to play with dolls, than girls with normal
hormone exposure (Berenbaum & Hines, 1992). This occurs despite socio-cultural pressure to
conform to gender-appropriate toy preferences, and suggests that the observed sex difference in
toy preference may be affected by biological mechanisms such as early exposure to hormones
(Kimura, 1999).
In addition to the sex differences in toy preference, there are other aspects of play style
that may impact upon the spatial experience of children, including sex differences in activity
level, 'rough-and-tumble' play and 'targeting' (Maccoby & Jacklin, 1974; Kimura, 1999).
Rough-and-tumble play, which is characterised by play-fighting involving close physical
contact that does not involve intentionally causing injury, is more prevalent in males than
females across a number of mammalian species, including humans, rodents, and monkeys
(Kimura, 1999). This style of play seemingly involves a number of spatial skills, such as
manipulating spatial relationships while wrestling, as well as judging distances, directions, and
speed of movement. Furthermore, activity level in general is higher in male infants and children
(Campbell & Eaton, 1999), which may contribute to spatial experience and manipulation, as
well as promote active play styles. Again, hormonal mechanisms seem to be at least partly
implicated in these sex-typed preferences, as girls with CAH show more male-typical levels of
rough-and-tumble play (Hampson, Rovet, & Altmann, 1995).
The male-typical preference for active and spatially-intensive play styles may be
important in choice of activities later in life, such as rough sports, many of which seem to
involve similar spatial skills (Voyer et al., 2000). For example, football, ice hockey, and soccer
all contain high spatial content in comparison to less rough sports such as jogging and
swimming (although many non-contact and gender-neutral sports also involve spatial content,
such as volleyball and tennis; Voyer et al. 2000). The observed sex difference in targeting
ability (Kimura, 1999) may also impact upon sex differences in spatial experience, since
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targeting is an essential skill in many of the male-typical rougher activities. As a result, the male
advantage in targeting may further discourage females (and less spatially adept males; Voyer et
al., 2000) from partaking in more spatially-involved active play styles, thus reducing the
opportunity to gain spatial experience.
Sex differences in employment choice may also impact upon spatial experience, since
many of the male-dominated professions (including engineer, pilot, and racing driver) involve
spatial skills (Weiten, 2001). This may be related to sex differences in educational opportunities
and social pressures; for example, boys tend to study more mathematics for a longer period of
time than girls do (Sherman, 1982), and experience with the spatially-intensive content of fields
such as geometry may promote confidence and interest in choosing spatially-demanding
employment (Voyer et al., 2000). While the causal relationships between employment choice,
gender role, and spatial ability are unclear, it seems that many male-typical professions may
both require and foster the development of a variety of spatial skills. In combination with the
early spatial activity afforded by male-typical toy preference and play style, sex differences in
employment choices may thus contribute to differences in spatial experience through adulthood.
Some authors such as Feingold (1988) have offered support for the socio-cultural model
by arguing that the sex difference between males and females on spatial tasks has diminished in
recent years, and that this is reflective of changes in sex roles; specifically, it is proposed that
the spatial activity experience of females has increased. Voyer et al. (2000) note that evidence
for this claim is scarce, but Feingold (1988) produced indirect evidence by showing that the sex
difference on the spatial relations subtest of the differential aptitudes test (DAT-SR) decreased
between 1947 and 1980. However, meta-analyses (Linn & Petersen, 1985; Voyer et al., 1995)
have not found an overall significant sex difference in the DAT-SR, which suggests that other
measures of spatial ability may be more useful in testing the claim that sex differences in spatial
cognition are diminishing. Voyer et al. (1995) found that while the sex difference in mental
rotation has not declined (indeed Voyer et al., 1995, report that it has increased), the sex
difference in the Water Level Test has decreased for participants born recently. This suggests
that various spatial tests may be differentially sensitive to the effects of experience, and
importantly that mental rotation is relatively unaffected by modern changes in sex roles (Voyer
et al., 2000).
One important similarity between male-typical and female-typical spatial experience is
that most spatial information is processed as a result of simply interacting with the environment.
That is, the most common spatial experiences (such as navigating through environments,
remembering locations of objects, and recognising objects at different orientations) are common
to both sexes. However, research seems to show that males tend to score higher than females on
spatial activity questionnaires, suggesting that there are indeed significant and important sex
differences in spatial experience resulting from socio-cultural and developmental factors such as
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toy preference, play style, and employment choice. For example, Siegel-Hinson and McKeever
(2002) found a higher score for males (effect size = 0.65) on a spatial activity questionnaire
consisting of items that assess the degree of experience with various spatial activities, such as
using a compass and working with house plans. It seems likely that sex differences in these
activities are at least partly mitigated by socio-cultural factors such as gender roles, as well as
psychological factors such as confidence in dealing with spatial information, presumably gained
through experience resulting from performing sex-typical spatial activities. One potential
problem is that such spatial activity questionnaires may be biased toward male-typical activities,
and by not focusing on gender-neutral spatial activities, simply correlate male-typical
experiences with male-typical performance. That is, while there are sex differences in spatial
experience that seem to be important in the development of spatial skills, it is difficult to tell
from the current research whether measures of these exaggerate their effects on spatial
performance by underemphasizing the commonalities between male and female spatial
experience.
2.3.2 The relationship between experience and performance
Research has generally shown that males tend to have more spatial activity experiences
than females (for example Siegel-Hinson & McKeever, 2002). The most important following
step for the socio-cultural model of sex differences in spatial ability is then to show the
relationship between experience and performance on spatial tasks (Caplan & Caplan, 1994).
Generally, research seems to show that there is a relatively modest correlation between spatial
experience (and gender role socialization) and performance, and that the observed sex
differences in spatial ability cannot be wholly accounted for by experience (Maccoby & Jacklin,
1974; Saucier, et al., 2002; Siegel-Hinson & McKeever, 2002). For example, Parameswaran
(1995) found evidence for a positive relationship between masculinity and spatial ability (as
measured by some field dependence tasks), although many other studies failed to find this
relationship (for a review see Saucier et al., 2002). Saucier et al. (2002) found no relationship
between gender-typical behaviours and mental rotation ability, suggesting that the experiential
consequences of gender-typical behaviours may not mediate spatial ability. Siegel-Hinson and
McKeever (2002) found only a secondary relationship between spatial experience and
performance, concluding that the primary mediator of spatial ability was biologically-driven
(specifically hemispheric specialization, which may be influenced by various hormonal factors,
as will be discussed in a following section).
Voyer et al. (2000) found a more complex series of correlations between different
measures of spatial performance and various aspects of experience, including toy and sport
preferences. Toy activities were classified as spatial (such as construction sets and riding toys)
or non-spatial (such as dolls and board games); similarly, sport activities were classified as
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spatial (such as baseball and golf) or non-spatial (such as weight-lifting and swimming). Results
showed that on both the Water-Level task and a mental rotation task, participants with early
spatial toy preferences outperformed those with non-spatial toy preferences. Overall, males
outperformed females, although on the Water-Level task the sex difference was only significant
in participants with a non-spatial toy preference (i.e. spatial toy experience in females
significantly reduced the observed male advantage on this task). In contrast to the results
regarding toy preference, there was no main effect of sport preference, and sex differences on
both tasks were significant only in those with a spatial sport preference. In light of these
somewhat confusing results (some of which contradict earlier findings, see Voyer et al. (2000)
for a discussion), Voyer et al. (2000) conclude that while there is a relationship between
experience and performance, toy and sport preference seem to be differentially related to spatial
ability in males and females. Specifically, their results suggest that sport preference is relevant
only in males, while toy preference is relevant only in females. This may be due to a number of
factors, including males self-selecting their sport preferences in response to their spatial ability
(Voyer et al., 2000).
It seems likely that if experience mediates the sex difference in spatial ability, then
observed differences should increase with age (at least until adulthood), and be small to
nonexistent in young children (see Kimura, 1999). There seems to be partial support for this
prediction: sex differences on some spatial tasks (such as the embedded figures test) seem to
emerge only during adolescence (Voyer et al. (1995). However, there are a number of problems
with attributing any emergence of sex differences to socio-culturally driven experiential
differences, both theoretically and experimentally. Firstly, an increase in sexual dimorphism
during puberty (or even later during adulthood) is entirely consistent with a biological approach
(see a later section on the organizational and activational effects of sex hormones), and cannot
sensibly be used as evidence for an exclusively socio-cultural experiential model. That is, there
is no clear theoretical reason to suppose that the emergence of sex differences during
development, particularly during puberty, should differentiate clearly between socio-cultural
and biological-proximal accounts. Secondly, the faster maturation rate in females may impact
upon performance when comparing children of the same age (Kimura, 1999). Combined with
the early female advantage in language skills, these factors may mask any early male advantage
in spatial skills, thus delaying the appearance in the data of a sex difference in spatial ability
(Johnson & Meade, 1987). Thirdly, data show that there are in fact prepubertal sex differences
on a number of spatiomotor and spatial tasks, which suggests that at least some of the observed
sex differences in adults are unlikely to be attributable simply to differential experience
(Watson, 2001). For example, in young children, Lunn (1987) found a male advantage in
targeting (ages 3 to 4), and McGuiness and Morley (1991) found a male speed advantage in
copying three-dimensional Lego objects (ages 4 to 5). Johnson and Meade (1987) administered
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a battery of spatial tasks to a large sample of children and adolescents (aged 6 to 18), and found
a reliable male advantage that emerged by age 10 and remained constant until age 18. Similarly,
Kerns and Berenbaum (1991) found a male advantage in four different spatial tasks among
preadolescents (aged 9 to 13).
While the above research involves examining correlations between spatial experience
and performance, another approach is to study causal relationships, for example by observing
the effects of training or practice. If it is the case that the observed male advantage is a result of
extensive spatial experience (albeit garnered over a lifetime), then it seems likely that males are
relatively close to their optimum level of spatial ability, and that training should quickly
produce a performance asymptote. By comparison, women should be much further from their
optimum level of performance due to lack of experience, and should thus benefit relatively
more from training (Baenninger & Newcombe, 1989; Kimura, 1999). Baenninger and
Newcombe (1989) performed a meta-analysis examining the role of experience in spatial
ability, and concluded that performance on spatial tasks can be improved by training. However,
they found that both sexes improved equally, and that training did not reduce the observed sex
difference. Thus, causal data examining the relationship between performance and experience
do not offer any clear support for the socio-cultural model.
In summary, the data generally presented above seem to offer reasonably clear support
for the proposition that males have more experience with spatial tasks (at least those associated
with play, sport, and employment), and moderate but fairly reliable support for the proposition
that this may have an impact on sex differences in spatial ability. However, the data seem to
suggest much more clearly that the socio-cultural model cannot wholly account for the observed
differences in performance, and furthermore that the sex differences in spatial experience and
behaviour seem not to be entirely driven by socio-cultural factors.
2.4 Utility and limitations
The primary advantage of a socio-cultural approach seems to be that it provides a
unique focus on the importance of the development of gender roles in governing sex differences
in cognitive tasks. Research seems to show that males and females have different spatial
experiences (as above), and it is clearly necessary to take experiential factors into account when
studying performance on spatial tasks. However, focusing on the role of socially-driven
experience (at the expense of exploring other developmental considerations such as hormone
exposure) is problematic for a number of reasons, including the existence of incompatible
experimental evidence, and a difficulty in distinguishing between biologically-driven and
experientially-driven developmental accounts. These limitations are discussed as follows.
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Firstly, the socio-cultural approach has difficulty accounting for the results of many
recent studies. That is, while some evidence (as described above) clearly shows the potential
importance of socio-cultural factors, there are many pieces of biological evidence that are at
odds with the traditional experiential explanations. While the specifics of this biological
evidence will be discussed in a later section, some of the most important points will be
introduced here. One important finding that contradicts the predictions of the traditional socio-
cultural model is that there is a female advantage on some spatial tasks involving memorising
arrays of objects (Silverman & Eals, 1992). This is somewhat surprising given that there is no
clear socialised behavioural sex difference that could explain, let alone predict, this outcome.
Another important finding is that hormones seem to regulate performance on spatial tasks. For
example, increased testosterone levels in females (which occurs naturally during the menstrual
cycle) is related to increased performance on mental rotation tasks (Hausmann, Slabbekoorn,
Van Goozen, Cohen-Kettenis, & Guentuerkuen, 2000). A further problem for the socio-cultural
model comes from comparative evidence that where sex differences in selection pressures for
spatial skills exist, there are reliable and predictable sex differences in performance on spatial
tasks. This occurs not only in wild animals (in which the sexes may have had different spatial
experiences), but also in laboratory-raised animals (for whom the sexes have had identical
environmental experiences), suggesting that in such cases the observed sex differences in spatial
skills are the result of evolved biological predispositions (Gaulin, 1995; Gaulin & Fitzgerald,
1989). (These examples will be discussed in detail in a later chapter.)
Secondly, much of the evidence available for the socio-cultural model cannot be used to
distinguish between biologically-derived predispositions and socio-cultural pressures when
examining learned, experiential sex differences (Leveroni et al., 1996). For example, when
given evidence that boys tend to play with construction sets more often than girls do, one may
question whether males perform spatially-difficult behaviours due to pressure from society, or
because they are naturally good at them, or both. All of these options involve operant
conditioning and practice effects, and all potentially result in males outperforming females on
various spatial tasks. As a result, presenting evidence for a societal pressure does not adequately
explain any inferred result, as it is possible that the societal pressure interacts with biological
predispositions to produce gender-appropriate behaviour. For example, society may encourage
boys to play with construction sets because boys tend to be naturally predisposed to become
good at such tasks, not because it is a gender-appropriate behaviour per se. It seems that one
way of differentiating between these innate and experiential explanations may be to study the
effects of experiential factors such as training and culture (Baenninger & Newcombe, 1989).
However, while this may be useful in studying the magnitude of the socio-cultural contribution
to the development of sex differences, it remains difficult to rule out biological factors. For
example, finding cross-cultural evidence for a relationship between gender roles and
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performance on spatial tasks does not rule out the possibility that biological predispositions will
only develop into cognitive sex differences under certain environmental conditions of practice
and conditioning, or that biological predispositions can be overcome by environmental effects
such as task-specific training.
In light of these considerations, it appears that while it is clearly of benefit to explore
socio-cultural influences on cognitive development, the study of these without consideration of
possible biological influences seems unreasonable. One model proposed by Sherman (1978)
that considers the interaction between biological and experiential factors in the development of
spatial ability is the 'bent twig' model. According to this model, there are innate sex differences
in predispositions for the spatial abilities required in various activities. That is, boys tend to
have a spatial advantage from an early age, and as a result are more likely to self-select into
spatially-demanding activities; the resulting experienced gained contributes to an increase in sex
differences in spatial ability. Sherman's (1978) bent twig framework has influenced a number of
researchers, notably Casey (for example Casey, 1996a, 1996b). Casey's research in this field has
essentially attempted to identify interactions between different patterns of brain organization
and the ability to capitalize on spatial experiences (Casey, 1996a). She has hypothesised that
genetic factors influencing cerebral dominance (such as the 'right-shift' factor, see Annett, 1992,
2003; Geschwind & Galburda, 1987) are reflected in patterns of handedness and familial
handedness, and that based on these patterns it is possible to identify groups of females who are
predisposed toward having high spatial ability. For example, right-handed women with familial
left-handedness (which may signal the likelihood of a particular pattern of brain organization)
seem to react more positively to spatial experience than do other groups of women (Casey,
1996a, 1996b). Note, however, that these particular findings have been called into question by a
number of authors, such as Cerone and McKeever (1998). Regardless of specific experimental
results, the intention here is to introduce the theoretical advantages of a biopsychosocial
framework, and to argue that this line of research seems to be more theoretically and
empirically useful than the socio-cultural approach in isolation (although it will be argued that
an evolutionary approach has the advantage of encompassing more fields of research in a far
more cohesive and structured metatheoretical framework; see a later section on evolutionary
psychology).
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3 Biological-proximal factors: The role of physiology
3.1 General underlying metatheory
Biological-proximal accounts of sex differences focus on physiological factors that
drive the physical and cognitive differentiations between males and females. Models may be
generated by studying the behavioural effects of a number of biological factors, including
existing sex differences in brain organization and hormone levels, as well as developmental
differences such as prenatal androgen levels. For example, a biological explanation of sex
differences in mental rotation tasks may hold that testosterone seems to mediate a number of
factors (such as prenatal development, toy preference, and cerebral organization and
lateralization), all of which contribute to the observed male advantage. Such models can then be
tested by studying the effects of testosterone on mental rotation performance. This can be
achieved in a number of ways; for example, researchers may test individuals whose circulating
androgen levels vary across time (such as during the menstrual cycle, or as a result of androgen
injection), or individuals who have been exposed to abnormal levels of androgens prenatally
(often as a result of endocrine disorders). Evidence supporting a biological model of sex
differences in spatial cognition can be used to explain the proximal cause(s) of the observed
differences, and to describe the ways in which these differences are physiologically
implemented.
3.2 Proposed mechanism explaining sex differences
There are a number of sex differences in biological-proximal mechanisms that may
conceivably have an effect on the observed sexual dimorphisms in spatial ability. For example,
there are sex differences in genetic makeup, most notably in the sex chromosomes, which
contain the genetic information required to direct sexual development (Pinel, 1997); hormonal
exposure, such as levels of androgens during critical stages of development (Kimura, 1999); and
brain organization, such as lateralization of function (Siegel-Hinson & McKeever, 2002). These
mechanisms are strongly related, and the effect of any one mechanism on sex differences in
spatial ability is generally understood to be reliant upon other mechanisms. For example, the sex
chromosomes determine the production and biopsychological consequences of the sex
hormones, which in turn have a number of effects on brain organization (Pinel, 1997).
While socio-cultural models necessarily invoke development and learning as
mechanisms by which sex differences emerge, biological-proximal models may or may not
have these properties. For example, in biological-proximal models observed sex differences
may be (a) developmental, such as those resulting from differential hormonal exposure during
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puberty, or (b) non-developmental, such as those resulting from prenatal hormone levels or
genetic sex (although these may still be considered developmental, depending on the definition
used). Similarly, observed sex differences may be (a) learned, such as those requiring
environmental stimulation and experience in order to be expressed, or (b) non-learned, such as
behavioural changes resulting simply from variations in circulating hormone levels. Biological-
proximal mechanisms can thus interact with environmental stimulation, but in some cases may
also direct the types of experiences chosen, or the effects of those experiences on cognition.
Evidence for the effects of biological-proximal factors on sex differences in spatial ability is
discussed below.
3.3 Main findings
Most of the important findings regarding the relationship between biological-proximal
mechanisms and sex differences in cognitive abilities can again be divided into those focusing
on the related roles of genetic factors, sex hormones, and brain organization. However, the
focus of the current literature review will not be on genetic factors for two main reasons. Firstly,
research suggests that the sex chromosomes, which drive sexual development, and are thus
potentially important in the development of sex differences in behaviour (Pinel, 1997), do not
seem to have a direct effect on the development of the observed sex differences in spatial
cognition (Thomas, 1983; see also Halpern, 1992). Instead, the sex chromosomes are seen as
having an indirect effect on sex differences in spatial ability by determining the levels of sex
hormones, which have a much clearer impact upon cognitive development (see below;
Haussmann et al., 2000). Secondly, while behavioural research suggests that many aspects of
intelligence (including spatial ability) are at least partly heritable (Halpern, 1992; Vandenberg,
1968), an analysis of the effects of genes not carried on the sex chromosomes is beyond the
scope of this thesis. Thus, the current focus (and indeed the focus of the bulk of the relevant
literature) is on the effects of sex hormones and brain organization, with the implicit
understanding that these are guided by genetic factors (and in many cases in conjunction with
developmental and environmental experiences).
3.3.1 Sex hormones
The primary sex difference in hormonal exposure (at least for researchers modelling sex
differences in spatial skills) is in levels of the gonadal hormones, produced by the testes in
males and the ovaries in females. The two main classes of gonadal hormones are the androgens
(such as testosterone) and the estrogens (such as estradiol), and while males and females
produce both types, the testes release more androgens, and the ovaries release more estrogens
(Pinel, 1997). However, androgens and estrogens are not simply seen as 'male-typical' and
'female-typical' hormones respectively, as both classes of hormones are capable of producing
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both male-typical and female-typical behaviour and physiology. Indeed, this situation is further
complicated by the finding that testosterone is readily converted into estradiol through the
process of aromatization, so high levels of testosterone may in fact result in high levels of
estradiol. For example, there is evidence that in perinatal development, testosterone does not
masculinize the brain; the brain is instead masculinized by estradiol (which is normally seen as
feminising) that has been aromatized from testosterone (see Pinel, 1997, p. 279). Thus, the
actions of sex hormones are classed according to the direction of sex-typical differentiation, not
according to the hormone that produced them: it is the direction of the development that is
masculine or feminine, not the hormone that produced it per se. As such, sex hormones can
have any of four effects: (1) masculinization, which is the production of male characteristics, (2)
demasculinization, which is the suppression or disruption of male characteristics, (3)
feminization, which is the production of female characteristics, and (4) defeminization, which is
the suppression or disruption of female characteristics.
The effects of hormones on physiology, cognition, and behaviour can be divided into
activational and organizational effects, both of which are critically important for the
development of sex differences (Kimura, 1999). Organizational effects of hormones are long-
term and often irreversible influences that usually occur during critical periods before and
shortly after birth. In contrast, activational effects are the immediate or current influences that
are often required to trigger behaviours, usually during adulthood (Kimura, 1999). Findings
regarding the consequences of these two types of hormone effects on spatial behaviour and
cognition are discussed as follows.
3.3.1.1 Organizational hormone effects
There are a number of critical stages of sexual development during which levels of sex
hormones have particularly strong and long-lasting organizational effects. In considering the
development of sex differences in cognition, the most important of these stages may correspond
to peak periods in which testosterone is much higher in males than in females. Specifically,
there is a prenatal period during weeks 8 to 24, and a postnatal period from shortly after birth
until 5 months of age (Berenbaum, Korman, & Leveroni, 1995; Pinel, 1997). Generally,
research seems to suggest that exposure to sex hormones during these early stages is critically
important in the development of sex differences in cognition, and that abnormal exposure
during these stages is associated with predictable cognitive and behavioural consequences. This
research tends to involve two main strategies: (a) manipulating levels of hormones in laboratory
animals (usually rats), and (b) studying individual humans with genetic or accidental conditions
that lead to abnormal exposure to sex hormones, and often result in a discrepancy between their
social gender role and their relative levels of androgens and estrogens.
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Much of the research investigating the effects of early exposure to sex hormones in
nonhuman mammals has involved studying play behaviour, sexual behaviour, and spatial ability
(Berenbaum et al., 1995). It seems to be that case that sexually dimorphic behaviours such as
these are regulated by exposure to hormones during early critical periods. Thus, masculinizing
the hormonal environment of developing females often results in male-typical performance,
while demasculinizing the hormonal environment of developing males often results in female-
typical performance (Kimura, 1999). However, there are a number of complexities associated
with interpreting cross-species comparisons of the effects of hormones on behaviour, such as
the existence of multiple critical periods. Not only may different behaviours be associated with
different critical periods, but these periods may differ across species (Berenbaum et al., 1995).
For example, in rhesus macaques, exposure to androgens early in gestation masculinizes sexual
behaviour, while exposure late in gestation masculinizes play behaviour (Berenbaum et al.,
1995), and behavioural masculinization is independent of genital masculinization (Goy,
Bercovitch, & McBrair, 1988). Despite these problems, it seems to be the case that different
mammals show the same trends in terms of masculinization and feminization, even if the
specific behaviours and critical periods vary.
Generally, sex differences in spatial abilities in rats are characterised by males making
fewer errors and using geometric cues, and females using both geometric and landmark-based
cues (Sandstrom, Kaufman, & Huettel, 1998; Williams, Barnett, & Meck, 1990). Studies
investigating the prenatal and neonatal hormonal environment seem to show that these sex
differences are not the result of sex per se, but are mediated by exposure to hormones during
early development. For example, Williams et al. (1990) investigated the effects of neonatal
gonadal secretions on sex differences in spatial memory by manipulating exposure to hormones
that masculinize the brain. This involved castrating male neonatal rats (which removes the
primary source of androgens) and injecting female neonatal rats with estradiol (which has
masculinizing effects on the brain, seemingly as a result of aromatization from testosterone).
When tested on a radial arm maze, male rats whose brain had not been masculinized (as a result
of castration) performed like normal females, while females whose brain had been masculinized
(by estradiol) performed like normal males. As a result, Williams et al. (1990) suggest that early
exposure to gonadal hormones has an organizational effect on sex differences in spatial ability.
That is, sex hormones seem to drive the development of cognitive and perceptual processes (via
neural organization, which will be discussed below) that affect the ways in which spatial
information is encoded, stored, manipulated, and retrieved.
Further evidence for the claim that early exposure to sex hormones has cognitive and
behavioural consequences comes from research into humans who have been exposed to
abnormal levels during early development. Generally, research investigating hormonal
abnormalities shows that in humans there are hormonally-driven sexual dimorphisms in both
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spatial ability (such as mental rotation performance) and behaviours that affect spatial
experience (such as differences in play style and toy preference; Kimura, 1999). In most cases,
prenatal exposure to androgens (which may be aromatized to estrogens, particularly in males)
seems to be the critical factor driving the organizational masculinization of spatial ability (in
addition to physical and other behavioural characteristics), although estrogens may play some
role in the development of spatial abilities in females (Berenbaum et al., 1995).
In order to provide evidence for this claim using abnormal populations, Berenbaum et
al. (1995) discuss a number of important methodological considerations. Firstly, it is necessary
to study abilities that show sex differences in the general population, since comparative studies
show that gonadal hormones only influence sexually dimorphic behaviours (see Berenbaum et
al., 1995, p.307). Secondly, some sex differences are not reliably seen until puberty (when
increasing hormone levels have activational effects), so the organizational effects of early
exposure may not be apparent until later in life. Thirdly, it is difficult to obtain large sample
sizes when dealing with rare hormonal conditions, so using appropriately matched control
subjects (such as siblings, who share many genetic, environmental, and cognitive similarities) is
useful in increasing statistical power. In light of these methodological issues, two important
cases of abnormal early exposure to sex hormones will now be discussed.
One commonly-studied disorder that highlights the importance of androgens in the
masculinization of spatial abilities is congenital adrenal hyperplasia (CAH), in which the
adrenal glands produce excess androgens beginning in the third month of fetal life (Kimura,
1999; Pinel, 1997). The abnormal exposure to androgens associated with CAH is often limited
to the prenatal and perinatal periods, but sometimes occurs postnatally as well, depending on
how quickly the disorder is diagnosed and treated with hormone therapy (Berenbaum et al.,
1995; Kimura, 1999; Lippa, 2002). As noted above, the prenatal and perinatal stages are critical
periods in which the masculinizing properties of androgens have strong organizational effects,
so the study of CAH is particularly useful in revealing the influence of early exposure, in the
absence of abnormal hormone levels later in life (Berenbaum et al., 1995). In addition to
partially masculinized genitalia (which can be corrected by surgery), girls with CAH tend to
show masculinized play style and toy preference (Kimura, 1999). For example, in comparison
to normal girls, CAH girls tend to show diminished levels of interest in dolls (and real infants),
and increased levels of interest in toy vehicles and rough sports (Berenbaum & Hines, 1992;
Kimura, 1999).
Berenbaum, et al. (1995) note that many studies investigating the cognitive effects of
CAH have had methodological limitations, including the use of inappropriate tasks (i.e. ones
that do not show reliable sex differences in the normal population). However, studies without
these limitations have generally found an enhanced spatial ability in females with CAH
compared to their unaffected siblings (see Berenbaum, 1990; Resnick, Berenbaum, Gottesman,
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& Bouchard, 1986). Interestingly, males with CAH may show diminished spatial abilities
compared to unaffected siblings (Hampson, Rovet, & Altmann, 1998), which suggests that there
may be an ideal range in which androgen levels have masculinizing effects, while levels above
or below this range result in reduced spatial abilities. (This proposal will be elaborated upon in a
later section on circulating testosterone levels.) This interaction between sex, spatial ability and
CAH is found in preadolescent children (using the PMA Spatial Relations test, which is a
mental rotation task that shows a reliable male advantage; Hampson et al., 1998; Voyer et al.,
1995) as well as adults (Berenbaum et al., 1995), suggesting that early androgen exposure has
organizational effects that do not necessarily rely on the activational effects of post-pubertal
androgens.
One recent study (Hines, Fane, Pasterski, Mathews, Conway, & Brook, 2003) has found
an advantage for CAH females in targeting ability, but not in mental rotation ability (although
their results seemed to show a trend towards an advantage in mental rotation for CAH females).
As a result of this dissociation of advantages in different spatial tasks, the authors argue that
there may be differences in critical periods for targeting and mental rotation performance, and
specifically that the critical period for the masculinization of mental rotation abilities may be
postnatal. However, this does not seem to accord with the results of earlier studies that found
enhanced spatial ability in CAH females (see Berenbaum, 1990; Berenbaum et al., 1995), and
further research into the development of neural mechanisms involved in various spatial skills
will help identify the relevant critical periods, as well as help clarify existing discrepancies.
In contrast to CAH, which involves exposure to excess androgens, androgenic
insensitivity syndrome (AI) causes cells of the body to fail to react to androgens, effectively
resulting in a complete lack of androgen exposure. Thus, males with AI have normal androgen
levels, but their defective androgen receptors cause the body to fail to masculinize as normal
(Berenbaum et al., 1995). Given that in the absence of androgens development occurs along
female-typical paths, AI results in genetic males developing physically as females (with some
abnormalities), and displaying somewhat feminized psychological development (Pinel, 1997).
In terms of behavioural tendencies, Money and Ehrhardt (1972) note that males with androgenic
insensitivity syndrome seem to develop female-typical toy preference and play style.
Furthermore, in terms of cognitive tendencies, Imperato-McGinley, Pichardo, Gautier, Voyer,
and Bryden (1991) report that their visuospatial performance is significantly worse than that of
control males, and in fact is worse than control females, possibly because normal females have
small amounts of androgens, and are sensitive to their organizational effects. Berenbaum, et al.
(1995) note that this finding suggests that androgens, rather than estradiol (aromatized from
androgens), may be the active hormone involved in cognitive masculinization and
defeminization, since AI males have normal sensitivity to estradiol. However, this suggestion is
made cautiously due to the rarity of the disorder, the confounding factors of continued lack of
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androgen exposure and female gender role, and the limited information regarding the role of
estrogens in cognitive development (Berenbaum et al., 1995; Halpern, 1992).
Another approach to investigating the organizational effects of early androgen exposure
is to study variations within normal levels (Berenbaum et al., 1995). For example, it may be the
case that individuals with high-normal androgen levels in the relevant critical period show
better than average performance on spatial tasks for their sex. However, it is not necessarily
clear that variation within the normal range should correlate linearly with spatial ability, as it is
often the case that critical levels of hormones are required to elicit certain traits, but levels
above that threshold do not increase the strength of that trait. For example, sex drive in males
does not increase linearly with testosterone above a critical level (Pinel, 1997). Accordingly,
research generally suggests that variance in androgen levels within an ideal range does not seem
to have a clear or consistent effect on cognitive or behavioural traits in normal development for
males, although there may be some relationship for females. For example, Hines, Golombok,
Rust, Johnston, and Golding (2002) found that prenatal testosterone levels relate to gender role
behaviour in preschool girls, but not in boys. In terms of spatial ability, Cole-Harding, Morstad,
and Wilson (1988) found a relationship between mental rotation performance and testosterone
exposure in females using non-identical twins. Specifically, females who share a uterine
environment with males are exposed to higher than average levels of testosterone, and are likely
to be masculinized on both physical and behavioural traits (Berenbaum et al., 1995; this also
occurs in performance on a radial-arm maze in rats, Williams & Meck, 1991). Thus, adult
females with male co-twins show better mental rotation performance than adult females with
female co-twins, suggesting that levels of androgens within the normal range may have an
effect on spatial ability, at least in females (Berenbaum et al., 1995; Cole-Harding, Morstad, &
Wilson, 1988).
In summary, biological-proximal research seems to suggest that early exposure to
androgens (and estrogens aromatized from androgens) has a masculinizing organizational effect
on a number of behavioural and cognitive traits, including spatial ability. There seem to be
critical periods during which sex hormones influence different abilities and traits, and it may be
the case that different types of spatial/motor skills are masculinized at different stages during
early development, just as various sexual and play behaviours are influenced during different
prenatal and postnatal stages. Much of the evidence for this model comes from the manipulation
of early hormone environments in laboratory animals such as rats and monkeys, although
studies of naturally-occurring hormonal abnormalities in humans have often produced similar
conclusions.
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3.3.1.2 Activational hormone effects
Biological-proximal research investigating sex differences in cognition and behaviour
suggests that circulating sex hormones have important phasic and transient activational effects
on a number of factors, including spatial ability (Slabbekoorn et al., 1999). This evidence comes
from two main methods of investigation: (a) correlational studies, in which performance and
behaviour are measured across naturally-occurring changes in levels of circulating hormones,
such as during the menstrual cycle, and (b) causal studies, in which hormones are administered
directly, and accompanying changes in performance and behaviour are measured. These two
sources of evidence will be discussed as follows.
3.3.1.2.1 Correlational studies
The menstrual cycle is useful in studying the effects of fluctuating levels of certain sex
hormones (particularly estradiol and progesterone, as well as follicle-stimulating hormone and
luteinizing hormone), and research seems to suggest that these fluctuations are related to
changes in cognitive pattern (Kimura, 1999). More specifically, the menstrual cycle is
characterized by low levels of the above hormones during menses, high levels of estradiol
during the follicular phase, and high levels of estradiol and progesterone during the luteal phase
(Pinel, 1997). Hampson and Kimura (1988) compared performance on various motor and
perceptual tasks, and found that these phases correspond to changes in performance on male-
typical and female-typical tasks. During the midluteal phase (characterized by high levels of
estradiol and progesterone), performance was high on female-typical motor-coordination tasks
(such as finger-tapping; see Kimura, 1999), and low on a male-typical spatial task (the Rod-and-
Frame task). Conversely, during menses (characterized by low levels of estradiol and
progesterone), performance was low on motor-coordination tasks, and high on a spatial task.
Essentially, Hampson and Kimura (1988) found that high levels of 'female' hormones (estradiol
and progesterone) associated with phases of the menstrual cycle enhance performance on
female-typical tasks, and decrease performance on male-typical tasks.
Not all studies have shown significant cognitive and behavioural changes across the
menstrual cycle, although a number have offered confirmation for the data obtained by
Hampson and Kimura (1998). For example, Silverman and Phillips (1993) and Phillips and
Silverman (1997) found an inverse relationship between spatial ability and circulating levels of
estradiol across the menstrual cycle using a 3-dimensional mental rotations task. Furthermore,
Hausmann et al. (2000) found inverse activational effects of estradiol and positive activational
effects of testosterone across the menstrual cycle, also using a 3-dimensional mental rotation
task. This relationship between menstrual phase and spatial performance is also seen in female
rats, whose spatial ability seems to be worst during the high-estrogens phase of their cycle
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(Warren & Juraska, 1997). In light of these corroborating data, Hausmann et al. (2000) argue
that a possible source of inconsistency in previous data may be the use of inadequate measures
of the phases of the menstrual cycle, which varies considerably between individuals. In
addition, Phillips and Silverman (1997) argue that previous inconsistencies in findings in this
area may be due to the use of particular tasks, including the use of non-rotational or 2-
dimensional spatial tasks, which generally show much smaller sex differences than the 3-
dimensional task (Voyer et al., 1995). Saucier and Kimura (1998) show that task choice may be
particularly important, as performance on female-typical fine motor-coordination tasks
improves during the high-estradiol midluteal phase, while the male-typical spatiomotor task of
targeting shows no variation across the cycle. In this case, it may be speculated that male-
typical targeting performance is influenced by early organizational hormonal influences, and is
not activationally affected by circulating levels in adulthood (Kimura, 1999).
While the menstrual cycle is useful in studying the effects of hormone fluctuations in
females, it is also possible to measure the cognitive and behavioural effects of naturally-
occurring cycles of androgens in males, as levels of testosterone vary throughout the day, and
across seasons (Kimura, 1999). Seasonal fluctuations in testosterone levels in many male
mammals are related to breeding cycles, presumably to facilitate the birth of offspring at
appropriate times of the year (specifically times in which food is plentiful). In humans (at least
those in the northern hemisphere), testosterone levels are higher in autumn than in spring, and in
our evolutionary history the associated rise in sperm count may have resulted in an increased
likelihood of birth during summer (Kimura, 1999). Kimura and Hampson (1994) investigated
the effects of seasonal variations in testosterone levels using a battery of cognitive and motor
tasks: male-typical spatial tasks, female-typical perceptual speed and ideational fluency tasks,
and sex-neutral vocabulary and reasoning tasks. They found an inverse relationship between
circulating testosterone levels and performance on the spatial tasks, and no relationship between
testosterone levels and the female-typical or sex-neutral tasks. That is, male performance on
spatial tasks was higher in the spring (when testosterone levels are lower) than in autumn (when
testosterone levels are higher).
This finding seems to have two important implications. Firstly, circulating testosterone
in males appears related only to male-typical – and not female-typical or sex-neutral – cognitive
abilities. This activational specificity reflects the specificity of hormonal influence seen
organizationally. That is, in males, testosterone may be organizationally and activationally
important in the generation of some male-typical cognitive and behavioural traits, but it is not
necessarily the case that other traits are influenced by levels of androgens. Secondly, the finding
that there seems to be an inverse relationship in males between circulating testosterone and
spatial ability suggests that for spatial skills, the optimal level of testosterone may be in the
lower or intermediate average male range (Kimura, 1996, 1999; Moffat & Hampson, 1996).
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Another natural source of fluctuation in androgen levels in males is the diurnal cycle:
testosterone levels are highest in the morning, and decline throughout the day. Moffat and
Hampson (1996) compared performance on a mental rotation task across the day, and found a
negative relationship between testosterone level and spatial ability for right-handed males.
However, they found a positive relationship between testosterone and mental rotation
performance in right-handed females, and thus support Kimura and Hampson's (1994)
conclusion that the optimal level of testosterone for spatial ability is in the intermediate or lower
male range. That is, females typically have testosterone levels well below the male range, so
higher levels result in improved performance. This overall relationship between circulating
testosterone levels and mental rotation performance (collapsed across sex) is described as an
inverted quadratic (or inverted-U) function. Specifically, an intermediate male level of
testosterone is seen as being at the peak of this function, while performance decreases at both
typical female levels (which are below the optimal level) and at elevated male levels (Moffat &
Hampson, 1996). This conclusion is further supported by Gouchie and Kimura's (1991) finding
that individual differences in circulating levels of testosterone are correlated with performance
on male-typical cognitive tasks (including spatial ability and mathematical ability), and that this
correlation is positive for females and negative for males.
While the above results are potentially revealing, many studies investigating the
relationship between circulating sex hormones and spatial ability have often been contradictory.
It seems to be generally the case that spatial performance correlates negatively with estradiol
levels, at least in females (Kimura, 1999; Silverman, Kastuk, Choi, & Phillips, 1999). However,
a number of studies have reported conflicting relationships between circulating testosterone and
spatial ability in males. For example, Silverman et al. (1999), who employed a similar method
to Moffat and Hampson (1996), found a positive linear relationship (also see Choi & Silverman,
2002), while McKeever, Rich, Deyo, and Conner (1987) found no relationship. The
discrepancies in these data are difficult to explain (Silverman et al., 1999), but one approach is
to study causal rather than correlational relationships, for example by administering sex
hormones (particularly estradiol and testosterone) to males and females.
3.3.1.2.2 Causal studies
Causal studies investigating the effects of circulating hormone levels on spatial ability
have generally found support for the conclusions of correlational studies, although inconsistent
findings remain. Again, many of these inconsistencies often seem to be attributable to
differences in hormone measurement and task type, as well as the complexity of the
mechanisms being investigated (including the process of aromatization, which renders finding
the active hormone difficult). Despite these difficulties, a number of studies have found
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converging evidence that suggests a relationship between levels of testosterone and spatial (as
well as verbal) abilities. The most reliable and recent findings seem to be as follows:
• In normal males, increased testosterone inhibits spatial ability and improves verbal ability.
For example, O'Connor, Archer, Hair, and Wu (2001) injected normal males with
testosterone weekly for 8 weeks, and compared their performance to normal controls (who
were injected with a placebo). Results showed that testosterone injection resulted in reduced
scores on the Block Design test (which may not be an ideal task, as it does not show an
overall reliable male advantage, although adolescents do show a sex difference; Voyer et
al., 1995), and increased scores on a verbal fluency test. This supports correlational studies
such as Moffat and Hampson (1996), and suggests that for spatial ability, optimal
testosterone levels are in the normal male range.
• In men with low testosterone levels (such as hypogonadal and elderly men), increased
testosterone levels often result in improved spatial performance. For example, Janowsky,
Oviatt, and Orwoll (1994) injected elderly men (whose testosterone levels normally
diminish by up to 40% between the ages of 40 and 70) with testosterone over a 3 month
period, and found a significant enhancement in performance on the Block Design subtest of
the WAIS-R. However, O'Connor et al. (2001) found no improvement when injecting
hypogonadal men with testosterone, although it may be the case that these results can be
attributed to organizational factors in hypogonadal men. O'Connor et al. (2001) argue that
for normal men, the majority of the data offer support for the inverted quadratic relationship
between testosterone and spatial ability described above.
• In transsexuals undergoing sex reassignment, hormone therapy influences performance on
various cognitive tasks (Slabbekoorn, Van Goozen, Megens, Gooren, & Cohen-Kettenis,
1999; Van Goozen, Cohen-Kittenis, Gooren, & Frijda, 1994). This provides a useful
opportunity to investigate the activational effects of hormones on spatial ability, given that
while untreated transsexuals have normal levels of sex hormones for their biological sex,
after three months of treatment their sex hormone levels are in the range of the opposite sex
(see Slabbekoorn et al., 1999). This treatment involves male-to-female transsexuals
receiving anti-androgens and estrogens, and female-to-male transsexuals receiving
androgen therapy. Van Goozen et al. (1994) found that in female-to-male transsexuals,
androgen treatment resulted in improved performance on spatial tasks, and reduced
performance on a verbal fluency task. However, Slabbekoorn et al. (1999) found that in
male-to-female transsexuals, increased estrogens and decreased androgens did not result in
reduced performance on spatial tasks; they attribute this to the early organizational effects
of androgens. That is, in males who are receiving a female-typical hormonal environment,
the activational effects of circulating estrogens and anti-androgens do not seem to
counteract the early organizational effects of androgens (Slabbekoorn et al., 1999).
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• Recent results suggest that testosterone is related to spatial ability in females, even in a
single dose (Postma, Meyer, Tuiten, Van Honk, Kessels, & Thijssen, 2000; Aleman, Bronk,
Kessels, Koppeschaar, & Van Honk, 2004). For example, Aleman et al. (2004) conducted a
double-blind placebo-controlled cross-over study in which females completed a mental
rotation task on two occasions: on one occasion they were injected with testosterone, and on
the other they were injected with a placebo. After controlling for practice effects, Aleman et
al. (2004) reported improved performance following testosterone injection, supporting the
suggestion that in individuals with lower testosterone levels (such as females), spatial
ability and circulating androgen levels are positively related.
• It may be the case that testosterone has indirect rather than (or possibly in addition to) a
direct effect on spatial ability, and that estradiol may be critical in the activation of spatial
ability (Hausmann et al., 2000; O'Connor et al., 2001). This may occur as a result of
aromatization, in which case other metabolites of testosterone such as dihydrotestosterone
(DHT) may be implicated, in addition to estradiol (O'Connor et al., 2001).
In summary, both causal and correlational studies suggest that estradiol and testosterone
are activationally related to male-typical and female-typical cognitive skills. In terms of spatial
ability, both high and low circulating testosterone levels are associated with poorer
performance, while moderate levels – those in a low or intermediate male range – are associated
with improved performance (Kimura, 1999). Estradiol is also associated with spatial ability, and
increased levels seem to inhibit performance, at least in cases in which organizational influences
of androgens did not occur (for example in normal females). While specific areas such as
correlations between testosterone level and spatial ability in men (Silverman et al., 1999)
require further examination, these findings seem to be fairly robust, and the data show that sex
hormones have organizational and activational effects on spatial ability.
3.3.2 The effects of brain organization
There are a number of sexual dimorphisms in the brain, including anatomical
differences in specific structures, and functional differences associated with different cognitive
and behavioural tasks (Pinel, 1997). These may be the result of a number of factors, including
the organizational effects of prenatal and perinatal hormone exposure, the activational effects of
circulating levels of hormones, and various genetic influences (Kimura, 1999). As is the case
with other biological-proximal factors, it is often useful to examine the effects of neurological
sex differences by making cross-species comparisons, and by studying the consequences of
differences between normal and abnormal brains.
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3.3.2.1 Brain size
One potentially important gross structural difference between males and females is in
the size of the brain: for males and females of the same size, the male brain tends to be
approximately 100 grams heavier (Ankney, 1992; Kimura, 1999; Lynn, 1999). Furthermore,
Pakkenberg and Gundersen (1997) have found that males have 16% more neocortical neurons
than females, and that body size has no influence on this difference. It seems plausible that this
larger size and greater neocortical neuronal number in males may be related to cognitive sex
differences; for example, an increase in neuronal number, which results in a greater number of
synaptic connections, may increase cognitive capacity and complexity (Wickett, Vernon, &
Lee, 2000). However, the significance of this sex difference in brain size, and its relationship to
observed cognitive sex differences, remains controversial (Kimura, 1999, pp.128-129).
Ankney (1995) argues that the larger brain size in males is related to the observed sex
difference in spatial ability (and mathematical reasoning). Specifically, Ankney proposes that
the cognitive tasks on which males excel require more brain tissue than do the tasks on which
women excel (Ankney, 1992, 1995). In re-interpreting a study by Lynn (1994), Ankney (1995)
contends that Lynn's (1994) observed male advantage of 4 IQ points on the WAIS is mostly
accounted for by an advantage on spatial ability and mathematical reasoning components, and
that this is a reflection of the presence in males of extra neural tissue that performs these tasks.
However, Kimura (1999) notes a number of problems with the conclusion that the larger male
brain is related to the male advantage in spatial ability. For example, although there is a clear
relationship between brain size and IQ score (these factors correlate at approximately 0.4; for a
review see Wickett et al., 2000), it is not clear that Performance-IQ, which contains spatial
components,  correlates more strongly with brain size than does Verbal-IQ. Indeed, Wickett et
al. (2000) report that the majority of studies report a stronger correlation between brain size and
Verbal-IQ, which suggests that the extra brain size and neuronal number in males may not
contribute specifically to spatial ability as opposed to other cognitive skills. On more purely
spatial tasks, Wickett, Vernon, and Lee (1994) found a small and insignificant correlation
between brain size and mental rotation in females, and a negative relationship between brain
size and spatial tasks (including mental rotation and paper folding) in males (Wickett et al.,
2000). Kimura (1999) notes that an ideal study would involve a combined sample of males and
females, although the results of single-sex studies currently suggest that spatial ability does not
have a strong positive relationship to brain size or neuronal number.
3.3.2.2 The hippocampus
The hippocampus is involved in a number of aspects of memory, including spatial
memory (Kimura, 1999). O'Keefe and Nadel (1978) proposed that in encoding spatial
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information, the hippocampus creates a 'cognitive map': a mental representation of space that
allows the navigator to create novel routes between familiar locations. This model has become
the most influential theory of hippocampal function, and has been generally supported by a
number of empirical results (Jacobs and Schenk, 2003).
Firstly, lesion studies support the proposal that the hippocampus is important in
encoding spatial information; removing parts of the rat hippocampal cortex impairs
performance on navigation tasks (Kimura, 1999). However, it is also the case that existing
cognitive maps may be relatively preserved after extensive hippocampal lesions, so it seems
likely that once encoded, spatial information may be stored in other areas of the brain, possibly
in addition to the hippocampus (Taube, 1999).
Secondly, the size of the hippocampus is related to spatial ability and ecological
navigational requirements. For example, birds that store food have larger hippocampi, and
better spatial memory and accuracy, than closely related birds that do not store their food. This
suggests that the hippocampus is important in the spatial memory required to perform food-
caching (see Petersen & Sherry, 1996). Not only are there inter-species differences in
hippocampal size that are associated with spatial ability, there are also intra-species sex
differences that correlate with navigational and foraging demands. For example, in mammalian
species in which males have greater navigational demands than females (such as polygynous
species of voles, in which males have much larger home ranges), males have larger hippocampi
(Sherry, Jacobs, & Gaulin, 1992). In closely-related species which show no sex difference in
navigational requirements (such as monogamous species of voles), there is no sex difference in
hippocampal size (Petersen & Sherry, 1996; Sherry et al., 1992). Selective breeding has also
highlighted this relationship between spatial ability and hippocampal size: artificial selection of
homing pigeons on the basis of navigation ability has produced an increase in the size of their
hippocampi (see Sherry et al., 1992). Given the female advantage on some spatial tasks
(Silverman & Eals, 1992), it is not clear that there is likely to be a sex difference in
hippocampal size in humans (Kimura, 1999), but it may be the case that there is a sex difference
in the ways in which male and female hippocampi encode spatial information (in humans and
some other species, see Jacobs & Schenk, 2003).
Thirdly, there is neurological evidence that the hippocampus responds to spatial
information. Specifically, the discovery of cells in the hippocampus that are sensitive to spatial
position suggests that the hippocampus may be important in developing cognitive maps (for a
review see Nadel & Eichenbaum, 1999). These 'place cells' fire when an animal is in a particular
location within an environment, and the pattern of firing seems to depend on the existence of a
collection of spatial cues, rather than any individual spatial landmark stimulus (Nadel &
Eichenbaum, 1999). Despite extensive research, the details of how place cells contribute to the
generation of cognitive maps remain controversial and elusive (Taube, 1999).
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One recent model of hippocampal function and cognitive map formation is the 'parallel
map theory' (Jacobs & Schenk, 2003), which posits that 'integrated' cognitive maps are
generated from a 'bearing' map and a 'sketch' map; these are constructed in different parts of the
hippocampal complex. Put simply, bearing maps deal with directional information such as
compass marks, while sketch maps deal with relational positional information. The predictions
of this model seem to be supported by current data on the operation of place cells in different
areas of the hippocampal complex (see Jacobs & Schenk, 2003, p.307). However, the
hippocampus seems to be involved more generally in declarative memory functions (i.e. non-
spatial memories of facts and episodes), and it may be the case that knowledge of spatial
location in the hippocampus is a subset of more general memory processes (see Redish &
Touretzky, 1997). That is, while the hippocampus seems to respond to spatial information,
navigation seems not to be its sole function.
3.3.2.3 Interhemispheric connections
One controversial area of research investigating sex differences in the brain deals with
the commissural systems that connect the two hemispheres. The principal connection, the
corpus callosum (in particular its posterior section), is commonly reported as being larger in
females, although there are conflicting data (see for example Constant & Ruther 1996; Dubb,
Gur, Avants, & Gee, 2003). The most recent and accurate data seem to show that once a
correction is made for the overall brain size, the splenium of the corpus callosum is indeed
larger in females, although the genu (another section dealing with the transfer of motor
information) is larger in males (Dubb et al., 2003). Note that the splenium of the corpus
callosum may be important in the interhemispheric transfer of language information (Dubb et
al., 2003). Kimura (1999, p.133) reviews data revealing that in addition to this sex difference in
the corpus callosum, there seem to be sex differences in smaller sections of the commissural
system. Firstly, the anterior commisure has been reported as being larger in females, and the
massa intermedia (which connects the two sides of the thalamus) is larger and more likely to be
present in females. Thus, while there is disagreement about sex differences in interhemispheric
connections, the consensus seems to be that parts of the commissural system are relatively
larger in females (Dubb et al., 2003; Halpern, 1992; Kimura, 1999).
These sex differences in the size of commissural areas result in females having
potentially more nerve fibres, and thus increased communication, between the two hemispheres
(Kimura, 1999). Given that many cognitive functions seem to be somewhat lateralized to one
hemisphere over the other (see below), sex differences in the commissural system may impact
upon sex differences in the extent to which particular cognitive tasks involve neural circuits in
both hemispheres. For example, if a task is most efficiently performed by utilizing both
hemispheres, then the increased transfer of information associated with a more developed
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commissural system may confer a female advantage. Alternatively, if increased information
transfer between hemispheres results in a lack of focused attention or conflicting problem-
solving strategies, then this sex difference in the commissural system may result in a male
advantage on particular tasks. Unfortunately, these suggestions are speculative, and there do not
seem to be enough data to detail the relationships among interhemispheric communication,
cognitive style, and lateralization of function. Indeed, Dubb et al. (2003) note that the causal
relationship between lateralization of function and the commissural system is presently unclear.
For example, it may be the case that bihemispheric language representation in women drives the
development of the splenium of the corpus callosum, or it may be that a large splenium
promotes the development of bihemispheric language representation.
3.3.2.4 Lateralization of function
One important organizational property of the brain is lateralization of function: some
cognitive abilities are more strongly represented by one hemisphere over the other (Kimura,
1999). Evidence for this comes from a number of experimental methods, including examination
of abnormal brains (through brain injury and commissurotomy), cognitive-experimental studies
(such as visual half-field presentations), and brain imaging techniques (such as fMRI).
Generally, it seems to be the case that the left hemisphere is vital for many language skills,
while the right hemisphere is more important in some perceptual and spatial abilities (Kimura,
1999; Pinel, 1997). In one early study that serves here as an illustrative example, Levy (1969)
examined spatial ability in split-brain (commisurotomized) patients by allowing them to
tactually investigate a three-dimensional block with one hand, and then point to a two-
dimensional test stimulus that corresponded to the block if it were unfolded. (This is essentially
a tactile version of a spatial visualization test.) Results showed firstly that there was a right-
hemisphere (left hand) advantage, and secondly that while the performance of the right
hemisphere was rapid and silent, the performance on the left hemisphere was tentative and
accompanied by a verbal commentary (Levy, 1969; Pinel, 1997).
Although males and females both tend to show right hemisphere specialisation for at
least some cognitive spatial processes, it may be the case that males are more strongly right-
hemisphere specialised for spatial ability than are females. Siegel-Hinson & McKeever (2002)
found support for this conclusion using tachistoscopic presentation of mental rotation tasks to
normal right-handed subjects. They found that while both sexes showed a right-hemisphere
advantage for mental rotation, there was a significantly greater right hemisphere advantage for
males than for females. Bryden, Hécaen, and DeAgnostini (1983) found neuropsychological
support for the proposal that males are more right-hemisphere specialized for spatial ability by
examining the effects of unilateral brain injuries, concluding that for right-handed subjects,
76.2% of males and 58.7% of females show right-hemisphere specialization for spatial ability.
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In addition to sex differences in lateralization, there seem to be differences in cerebral
organization and hemispheric asymmetry between left- and right-handers of both sexes. For
example, language seems to be predominantly controlled by the left hemisphere for
approximately 95% of right-handers, and for less than 70% of left-handers (Halpern, 1992).
Levy (1976) suggests that that the degree of right-hemisphere specialization for spatial
ability may be an important factor in the observed sex differences in cognitive ability, and that
spatial performance is optimised when verbal and spatial abilities are strongly lateralized to
opposite hemispheres (most commonly the left and right hemispheres respectively). If
lateralization is weak (specifically if verbal ability is bilaterally represented), then (a) the
hemispheres compete when completing a task, and spatial performance is diminished due to
'cognitive crowding', and (b) the resulting bilateral representation of verbal skills may confer an
advantage for verbal ability, due to the increased cortical area devoted to it. According to this
cognitive crowding hypothesis, sex differences (and handedness differences) in lateralization
may have cognitive consequences, particularly in relation to verbal and spatial ability.
Specifically, women and left-handers of both sexes seem to have a more bilateral representation
of language function (Kimura, 1999; McKeever, 1986), and it is proposed that this pattern of
cerebral organization is detrimental to spatial ability and beneficial to verbal ability (Levy,
1976). Halpern (1992, p.149-151) discusses a number of sources of support for the sex
differences predicted by the cognitive crowding hypothesis:
• In a dichotic listening paradigm, information is presented to one ear, and is thus processed
by the contralateral hemisphere. Lake and Bryden (1976) found that the right-ear (left
hemisphere) advantage for verbal stimuli is stronger for males.
• In visual half-field paradigms, information is presented to one half of the visual field, and is
thus processed by the contralateral hemisphere. Voyer and Bryden (1990) found that the
right visual field (left hemisphere) advantage for verbal stimuli is stronger for males, and
Kimura (1969) found that the left visual field (right hemisphere) advantage for spatial
stimuli is greater for males.
• In a tactile perception paradigm (involving dichaptic presentation, in which one hand is
used to palpate a stimulus, thus involving the contralateral hemisphere), Witelson (1976)
found that boys are more spatially accurate with left hand (right hemisphere) than with right
hand (left hemisphere), while there is no hand (or hemispheric) difference in girls.
• Neuropsychological evidence shows that amongst people with unilateral brain damage,
males show more verbal impairment following left hemisphere damage, and more spatial
impairment following right hemisphere damage, than do females (Inglis & Lawson, 1981).
• If language is more bilaterally represented in females, it may be expected that disorders of
language possibly resulting from local trauma or neural abnormalities are less common in
females. The lower incidence of language deficits among females, including reading
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disabilities (such as dyslexia) and speech and oral language disorders (such as aphasia,
dysphasia, and stuttering), thus indirectly supports the hypothesis that females show more
bilateral language function (Halpern, 1992).
The relationship between handedness (as an index of cerebral lateralization) and spatial
ability as predicted by the cognitive crowding hypothesis has some support in the literature,
although the complexity of the relationship seems to be greater than originally predicted by
Levy (1976; see Halpern, 1992). For example, Harshman. Hampson, and Berenbaum (1983)
found support for the prediction that sex and handedness are both related to lateralization of
function, and are both related to spatial and verbal ability. In addition to finding the typical
overall male advantage on spatial tasks, they found a pattern of within-sex differences amongst
participants with high reasoning ability that favoured right-handed males and left-handed
females. As will be discussed below, this finding may be related to neuroanatomical
asymmetries in the planum parietale of the parietal lobe (Kimura, 1999). Amongst subjects with
lower reasoning ability, within-sex differences were less consistent (Halpern, 1992), but seemed
to show the opposite pattern, favouring left-handed males and right-handed females (Harshman
et al., 1983). These results have been at least partly corroborated by other authors (for example
Lewis & Harris, 1990; McKeever, 1986; Snyder & Harris, 1993). In contrast to these findings,
Annett (1992) found a within-sex spatial advantage for left-handed males and a W-shaped
relationship between spatial ability and handedness for females (i.e. a disadvantage for females
with a weak preference for either hand). However, as measures of spatial ability, Annett (1992)
used the Rey-Osterrieth Complex Figure test and the paper folding task, neither of which show
reliable sex differences (Fastenau, Denburg, & Hufford, 1999; Voyer et a., 1995), while
Harshman et al. (1983) used a large battery of 15 spatial tasks, 14 of which showed a clear male
advantage. Thus it seems likely that there is an interaction between these indices of brain
organization and spatial ability, although McKeever (1986) cautions that a number of factors
(including androgyny, which seems to be positively correlated with spatial ability; also socio-
emotional function, see Crucian & Berenbaum, 1998) may need to be investigated before the
relationships between handedness, brain organization, sex, and spatial ability are thoroughly
understood.
Despite these various sources of evidence, support is not unanimous for Levy's (1976)
cognitive crowding hypothesis (see Halpern, 1992), or for the proposal that sex differences in
lateralization are fundamentally important (Crucian & Berenbaum, 1998). In a series of
exhaustive meta-analyses, Hiscock and colleagues (Hiscock, Inch, Jacek, & Hiscock-Kalil,
1994; Hiscock, Israelian, Inch, & Jacek, 1995; Hiscock, Inch, Hawryluk, Lyon, & Perachio,
1999; Hiscock, Perachio, & Inch, 2001) have found support for the conclusion that there is a
small but reliable sex difference in hemispheric specialization, in which males are more strongly
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lateralized. Thus, two cautious conclusions may be made: (a) that there are some sex differences
in cerebral organization and lateralization of function, and (b) that the degree of right
hemisphere lateralization seems to be related to spatial ability. In support of this more
conservative proposal, Sigel-Hinson and McKeever (2002, p.72) found a positive relationship
between the degree of right-hemisphere specialization and mental rotation ability. While they
did not examine or necessarily support the cognitive crowding hypothesis, they concluded that
individual and sex-typical differences in spatial cognition are mediated by differences in
lateralization, and in particular by the degree to which the right hemisphere is specialized for
spatial ability.
3.3.2.5 Hemispheric asymmetry
In addition to hemispheric lateralization of spatial and verbal function, there are
neuroanatomical asymmetries that may be related to these cognitive abilities. Given that
neuroanatomical asymmetries typically result from differences in the number of neurons
contained in a particular region (and thus the computational power of that region), it seems
plausible that individual as well as group-typical differences may correlate with a particular
cognitive capacity (Kimura, 1999).
One potentially important region that seems to show a sex difference in hemispheric
asymmetry is the planum parietale of the parietal lobe. Generally, the planum parietale in the
left hemisphere contributes to speech and manual movements, while in the right hemisphere it
appears to contribute to spatial ability (Kimura, 1999). Jaencke, Schlaug, Huang, and Steinmetz
(1994) found that in right-handers, there is a rightward asymmetry that is larger for males than it
is for females, which may plausibly relate to both its importance in spatial processing, and the
tendency for spatial ability to be more strongly lateralized in males. However, in left-handers
this pattern was reversed: left-handed females showed a much larger rightward asymmetry than
did left-handed males, who in fact showed a small leftward asymmetry. That is, males showed a
larger rightward asymmetry if they were right-handed, while females showed a larger rightward
asymmetry if they were left-handed. This result may conceivably be related to the data reviewed
above from Harshman et al. (1983), who found that in participants with above-average
reasoning ability, there was a spatial advantage for left-handed females over right-handed
females, and sometimes over left-handed males, and an advantage for right-handed males over
left-handed males, and over females generally. Speculatively, this suggests that hemispheric
asymmetry of the planum parietale may be important in spatial ability, and specifically that
rightward asymmetry is positively correlated with performance on spatial tasks, at least in
people with high reasoning ability (Kimura, 1999).
While some of the above data are relatively preliminary, the relationship between
handedness, hemispheric asymmetry, and lateralization of function may be particularly
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important in the development of sex differences in spatial ability (Casey, 1996a). The most
parsimonious conclusion to be reached from the above data is that at least for right-handers,
spatial information is likely to be processed by the right hemisphere, and that males are more
likely to be strongly lateralized than females. In addition, there is clearly an interesting
interaction between sex, handedness, and performance (Harshman et al., 1983), and it seems to
be the case that sex and handedness may be useful indices of the influence of brain organization
on spatial ability.
3.4 Utility and limitations
The biological-proximal approach to studying sex differences in spatial ability provides
an essential functional understanding of biological substrates underlying sex differences in
cognition. It describes how biologically-driven sex differences are implemented, and is vital in
checking the functional plausibility of more distal explanations (such as evolutionary models).
However, there are some limitations associated with focusing on an isolated biological-proximal
approach, which are discussed as follows.
Firstly, while in many cases the data are compelling, and they provide numerous useful
and well-defined mechanisms for the biological influence on sex differences in cognition;
Leveroni et al., 1996). the experimental data are sometimes equivocal. That is, for many overall
trends in the biological-proximal literature, there are studies that report inconsistent results
(McKeever, 1995). While the explanation for this may usually be methodological, it seems
prudent to conclude that some of the trends reported above represent relatively modest (though
important and significant) sex differences, and that further experimental results may change the
current state of opinion. This is not a metatheoretical limitation of the biological-proximal
approach; rather it is a result of the logistical complexity of investigating the relevant variables.
For example, the organizational effects of sex hormones are clearly dependent on a number of
factors (such as developmental stage and genetic predispositions), and as a result our current
understanding is incomplete and potentially subject to revision.
Secondly, it remains difficult in many cases to describe the role of biological-proximal
factors independently of socialization factors. For example, the organizational effects of
hormones are often studied by examining people with abnormal prenatal and perinatal
development, but it is difficult to rule out the possibility that such individuals encountered
different socio-cultural influences as a result of their biological development. For example, the
observed masculinization of play style and spatial ability in CAH girls (Berenbaum et al., 1995)
may conceivably reflect abnormal gender-role socialization in individuals who are not easily
sexually differentiated by physical appearance. However, proponents of the biological-proximal
approach (who generally acknowledge the importance of social environmental factors; Leveroni
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et al., 1996) may respond that individuals to a large extent self-select their experiences and
environments based on biologically-driven predispositions (Voyer et al., 2000). That is, the
existence of an environmental sex difference does not mean that it is socially-imposed, nor does
it mean that it will cause later sex differences in cognition (Leveroni et al., 1996). Most
biological-socio-cultural interactionist models, such as Sherman's (1978) bent twig model
(discussed earlier), seem to take this position that biological predispositions largely direct
experience choices, and thus foster the further development of pre-existing cognitive skills. It
will be argued in the following chapter that the evolutionary approach takes a similar position,
although it is driven by a much broader and cohesive theoretical basis.
Thirdly, the biological-proximal approach focuses on describing various observations
that form identifiable trends, but is not ideal for generating broader theories, or for explaining
why sex differences exist from a less reductionist position. For example, observations about the
organizational and activational effects of hormones are combined to form models describing the
ontogeny of hormonally-driven sex differences. However, given this information it is difficult to
hypothesize about why there are sex differences in hormonal factors without taking a more
functional position. Dobzhansky's (1951) famous argument that 'nothing in biology makes sense
except in light of evolution' seems relevant here: evolutionary explanations are necessary if one
wants to explain why sex differences in biological-proximal factors exist. Furthermore, this
more functional, less reductionist perspective is useful in generating increasingly cohesive
theories about the cognitive processes underlying the observed sex differences, which are
preferable when predicting performance on a novel task. For example, the female advantage on
some object array tasks (Silverman & Eals, 1992) is not (and historically was not) readily
predicted by a biological-proximal approach (nor is it predicted by the socio-cultural approach).
By contrast, an evolutionary approach examining the ways in which males and females may be
expected to process spatial information readily predicted this outcome (for example Silverman
& Eals, 1992). (This will be discussed in detail in the following chapter.) The forte of the
biological-proximal approach thus lies in providing a reductionist description of how a sex
difference is physically implemented, while the explanation of why a sex difference exists
seems to require an evolutionary perspective.
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4 Evolutionary psychology: A multi-disciplinary
approach
4.1 General underlying metatheory
Evolutionary psychology (EP) is an approach to psychology in which the principles of
evolution by natural selection are combined with knowledge from a number of fields (including
psychology, ethology, anthropology, anatomy, and neurology) in an effort to understand the
brain and behaviour. The human brain, as a biological system, has been produced by the
evolutionary process, so in this approach cognitive psychology (or cognitive neurology) is seen
as a branch of modern evolutionary biology (Tooby & Cosmides, 1995). For evolutionary
psychologists, the brain is seen as an evolved computational system that was organized and
designed over evolutionary history to solve a particular set of biologically relevant problems.
The specific metatheories underlying EP have been heavily influenced by John Tooby and Leda
Cosmides (see for example Barkow, Cosmides, & Tooby, 1992), and as such it is their
particular version of EP that is discussed most thoroughly here.
EP makes a unique functional contribution to cognitive psychology: it provides a focus
on the selection pressures humans have faced throughout their ancestral history, and allows us
to generate models that describe how these environmental pressures may have shaped the
evolution of our brain and behaviour. This enables evolutionary psychologists to describe the
important functional aspects of the neural architecture, and thus provides a framework for
understanding the organization of cognition and the brain. Without this focus, Tooby and
Cosmides (1995) argue that the brain is seen as an inordinately complex general-purpose
information-processing system, the underlying logic of which is not apparent. Instead, evolution
suggests that the brain is functionally specialized for solving a set of reliably occurring adaptive
problems that we faced during our ancestral history, just as the rest of the body is functionally
specialized (for example the body's organs functioning as solutions to a specific adaptive
problem). More formally therefore, the aims of EP are to identify the set of information-
processing problems that have shaped the evolution of the brain; to map the resulting functional,
modular, and computational structure of cognition; and to describe the physical implementation
of cognitive functioning in the brain.
Due to space limitations, it is not possible to discuss all relevant aspects of evolutionary
theory. It is thus assumed that the reader is familiar with natural selection, sexual selection
(particularly the use of fitness indicators), and the concepts of adaptations (which show
evidence of functional, adaptive design) and evolutionary by-products (exaptations and
spandrels). For a review of these concepts, see Appendix A. This section will be primarily
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concerned with a fundamental component of EP: a discussion of the ancestral environment that
shaped the evolution of human cognition, with particular reference to the evolution of spatial
abilities.
4.1.1 The environment of evolutionary adaptedness
Natural selection produces generations of offspring that are well adapted to reliable
selection pressures that faced their ancestors, but that are not necessarily well adapted to current
environmental conditions (Tooby & Cosmides, 1992). That is, individuals inherit adaptations
that were selected for in ancestral environments, but the time lag between evolutionary change
(which is usually very slow) and environmental change (which may happen rapidly) means that
those adaptations are not necessarily functionally adaptive in the current environment. It is thus
useful to study the functional organization of organisms by investigating the selection pressures
present in the environment in which they evolved: the environment of evolutionary adaptedness,
or EEA (a term coined by Bowlby; 1969; 1973; see also Tooby & Cosmides, 1992; 1995). More
specifically, the EEA is the statistical composite of ancestral environmental pressures, and the
fitness consequences they have had on the gene pools of past populations. This concept of an
EEA has a number of implications (see for example Pinker & Bloom, 1992; Symons, 1992;
Tooby & Cosmides, 1992):
• Selection pressures are adaptation-specific, so the relevant EEA for each adaptation may be
different. That is, each adaptation may have arisen at an isolated point in a species' ancestry,
in response to selection pressures that only existed at that time. For example, ancestral
humans evolved colour vision well before they developed language, so the EEA for these
two adaptations is different.
• Even though environmental change may result in differences between modern and ancestral
EEAs, there are many important constancies that exist between versions of the EEA.
Indeed, most of the environmental pressures in the modern EEA are essentially the same as
they were in our ancestral EEAs. For example, modern humans, just like ancestral humans,
live in a world in which there is gravity, sunlight, oxygen, cliffs, predators, sex, relatives,
and navigation. By comparison, the environmental differences, such as cars and computers,
are relatively few.
• The EEA does not refer to a specific time or place, but rather a composite of times and
places. It is therefore possible for a species to be adapted to mutually exclusive
environmental conditions, each of which was selected for at different times. Thus, species
may be adapted to conditions of both high and low numbers of predators, competition for
mates, availability of food, and temperatures.
• All adaptations must have been shaped by selection pressures faced in the EEA, not in the
present. Adaptations which have no current utility can exist, but only if they increased
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fitness at some previous time in the EEA. If selection pressures change such that any given
adaptation no longer has any effect on fitness, it can continue to exist. If changing
environmental pressures render an adaptation harmful to fitness, then it will be selected
against, given enough evolutionary time.
• Where the EEA differs significantly from the modern environment, 'maladaptive' behaviour
may ensue. For example, the relative distribution of different food sources in our ancestral
environments was heavily biased toward low-energy foods such as fibrous tubers and
similar vegetables, while high-energy foods such as fruits (particularly ripe fruit) and
animal fats were rare, but offered high nutritional content (Irons, 1998; Neese & Williams,
1994). In this context, natural selection is likely to have favoured a taste preference for rare,
high-energy foods (i.e. those with sweet, fatty, or salty tastes), as the increased nutritional
content must have offered a fitness advantage. In contrast, the distribution of foods is vastly
different in the modern environment, and the preference for sweet, fatty, and salty foods
commonly results in an unhealthy excess consumption of those foods (Neese & Williams,
1994). However, where the modern environment contains similar environmental
information to the EEA (for example basic physical, mechanical, and temporal
relationships, as well as many complex cognitive skills such as language), evolved
adaptations may still be appropriate and useful.
The EEA is a useful concept in understanding the design of existing biological features:
by specifying the selection pressures we have faced (such as finding food, competing for mates,
living in a social group, and avoiding predators), it is theoretically possible to determine the
nature of psychological mechanisms we may plausibly have evolved. In other words, the EEA
provides a focused tool otherwise missing from traditional psychology for determining, a priori,
what possible functional organizations the brain is likely to have. Thus, the possibility that we
have an evolved psychological or biological mechanism (either an adaptation or a by-product)
becomes an empirical question, rather than a speculation. This process is difficult because the
EEA is by definition historical, but by studying relevant sources (such as information gathered
by anthropologists), it is possible to increase our understanding of the EEA, and thus increase
our understanding of the current organization of biological systems.
4.1.1.1 The human EEA: The Pleistocene
For evolutionary psychologists studying humans, the most relevant EEA occurred
during the Pleistocene epoch, from approximately 1.8 million years ago until 10,000 years ago.
During the early Pleistocene, there were numerous co-existing species of hominid (upright
bipedal primates, belonging most commonly to the genus Australopithecus or the genus Homo);
early (archaic) humans appeared by 600,000 years ago, and anatomically modern humans
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appeared by at least 100,000 years ago. Note that the changes that lead to anatomically modern
humans were not necessarily gradual, and relatively rapid changes may have occurred between
extended periods of relative stasis (Miller, 2000a). There are several different models of the
direct ancestry of humans, as the phylogenetic relationships are not entirely clear (Foley, 1999;
2001). However, during the Pleistocene there were a number of common features of hominid
life that are regarded as characteristic of ancestral humans, as well as a number of clear
physiological changes that resulted in the evolution of early hominids into modern humans
(Tooby & Cosmides, 1992). Some features of hominid evolution that are relevant to
evolutionary psychology are discussed as follows.
4.1.1.1.1 Changes in brain size
One of the most dramatic changes in hominid evolution is the increase in brain size
from ancestral humans to modern humans. This seems to be related to the development of
various cognitive abilities, particularly those associated with technological advancement
(particularly tool use), ecological pressures (such as finding food), and living in complex social
groups. Generally, selection pressures may have favoured individuals with greater problem-
solving abilities, and the types of problem-solving abilities that conferred an advantage may
require a relatively large neural network. For example, highly adaptive but computationally
difficult cognitive skills such as tool use and language may have been performed more readily
by those with the comparatively high computational capacity afforded by a relatively large
brain. As discussed above, the increase in brain size may thus be seen as an architectural side-
effect of selection for problem-solving abilities that required relatively high computational
power.
4.1.1.1.2 Tool use
Tool use was present in the early Pleistocene (indeed up to approximately 2.5 million
years ago), and increased in complexity, variety, and efficiency through this time period. For
example, early tools (2.5 to 1.5 million years ago) included stone cores, hammers, and flakes,
while later tools (300,000 to 35,000 years ago) included hand axes, scrapers, spear points, and
knives. Given the increased computational demands associated with designing and
manufacturing increasingly refined tools, the requisite cognitive skills are likely to have been
important selection pressures in hominid evolution (see below for a further discussion of these
computational demands). That is, tool-making ability may have been under considerable
selection pressure, either for (a) survival, in terms of efficiency in preparing food or making
clothing and shelter, or for (b) reproductive success, in terms of improving social status or
signalling fitness. If heritable genetic variation in the skills underlying tool-making ability
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conferred differential fitness, then the cognitive and motor skills involved in tool-making may
have become functionally organized adaptive abilities.
4.1.1.1.3 Diet and subsistence
One defining feature of Pleistocene hominid hunter-gatherer groups is that they had no
agriculture: this only emerged 10,000 years ago (Potts, 2003). Instead, the diet of early
hominids such as Australopithecines consisted primarily of plant materials such as fruit, tubers,
vegetables, berries, and nuts. In addition to this, by 2.5 million years ago Australopithecines
probably ate some meat, much of which was likely scavenged, and used stone tools to break
bones for marrow. While later hominids also ate these foods, the diet shifted toward becoming
more generalized, with an increasing proportion of meat (Potts, 2003). Earlier members of the
genus Homo (such as Homo habilis) may have hunted, although it is likely that they primarily
hunted small animals, and probably scavenged larger game (Blumenschine & Cavallo, 1992).
Homo erectus (1.8 million to 300,000 years ago) was likely to have been the first true hunter of
large game, as the earliest currently known clear evidence of hunting dates from 500,000 years
ago (Potts, 2003). One important aspect of the hominid diet is that food was not eaten where it
was obtained (as is typically seen in other primates), but was taken to a home base, or a food-
processing site where carcasses were butchered (Lewin, 1984).
The relative importance of hunting and scavenging in hominid evolution has been a
controversial issue in paleoanthropology (see Blumenschine & Cavallo, 1992). Early models
emphasising the importance of hunting (particularly Lee & DeVore, 1968) suggested that
selection pressures for the requisite skills drove the evolution of social organization and
behaviour, anatomy (particularly of the hand), toolmaking, and intelligence (Potts, 2003). By
contrast, Isaac's (1978) food-sharing hypothesis emphasised the importance of social
cooperation in gathering and sharing food, particularly with mates and offspring (although
sharing of meat in particular may have been more widespread, and not limited to kin; see
below). To enhance this strategy, males ranged far to scavenge or hunt for meat, while women
gathered primarily plant materials near to the home base. In this model, social selection
pressures drove the development of language, intelligence, and culture. Some subsequent
models (see Blumenschine & Cavallo, 1992) emphasised the role of scavenging, hypothesising
that early hominids in particular relied primarily on scavenging, using tools to butcher, rather
than kill, their meat. The modern consensus, based on various sources of evidence including
archaeological and primatological studies, seems to be a combination of these three: early
humans both scavenged and hunted, and shared their food at a home base (Potts, 2003).
It is of particular relevance to this thesis that the hunter-gatherer subsistence strategy
depended on a sexual division of labour: males did most of the hunting (particularly of larger
game), while females did most of the gathering (see for example Barnouw, 1979; Blumenschine
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& Cavallo, 1992; Foley, 1999; Lewin, 1984; Potts, 2003; Tooby & Cosmides, 1992). In modern
hunter-gatherer societies, even when women engage in some hunting of small game, the food
resources collected by women are generally common and relatively easy to acquire locally, but
they are relatively small in size and nutritional value (Bird, 1999). By comparison, males collect
food resources that are rare and difficult to acquire locally, but are large in size and nutritional
value (Bird, 1999). As a result, meat provides a very valuable but relatively unreliable source of
nutrition; for hominids, eating meat increased fitness, but relying solely on meat would have
resulted in severely decreased fitness, and likely starvation, at least in early and middle
Pleistocene conditions on the African savannah. Because success in hunting (or scavenging)
was generally more variable, the gathering of plant food by women often provided a more
reliable source of nutrition (Bird, 1999). That is, meat and plant products both contributed to the
diet of hominids, but they played different roles. This is reflected in the subsistence styles of
modern hunter-gatherer societies; for example, Ache hunters are successful approximately 40%
of the time, (Hill & Hawkes, 1983) and Hadza hunters are successful on only 3% of trips
(Hawkes, O'Connell, & Blurton-Jones, 1991). When hunts are successful, particularly those
involving large game, the meat can provide a very valuable source of nutrition for the whole
social group (Bird, 1999). However, when the hunt is not successful, gathering provides the
regular food source necessary to offset the otherwise untenable variation in hunting success
(Bird, 1999). Thus, the sharing of food and sexual division of labour is essential to the hominid
hunter-gatherer method of subsistence (Lewin, 1984).
Finally, it is important to note that this hunter-gatherer foraging and subsistence
arrangement was typical of hominids for the last 2 million years, until the advent of agriculture
10,000 years ago (although some hunter-gatherer societies still exist; Irons, 1998; Foley, 1999;
Lewin, 1984; Potts, 2003; Symons, 1992; Tooby & Cosmides, 1992; 1995). Irons (1998) notes
that despite the similarities in hominid subsistence across this time, this was not a period of
uniformity or stasis: there were environmentally relevant differences between populations (and
between hominid species). For example, climate dictated the abundance of edible plant life, and
archaic humans living in colder temperate climates (such as in Eurasia) were more reliant on
meat than groups living in warmer Africa (Potts, 2003). Thus, the hunter-gatherer method is
seen as a predictably variable but hominid-typical foraging ecology that has predominated for
the past 2 million years.
4.1.1.1.4 Pre- and post-Pleistocene periods
Pre-Pleistocene time periods may be relevant for evolutionary psychologists, as many
structures in our brain were functionally organized in our ancestors before 2 million years ago.
That is, phylogenetic history by definition determined the pre-existing architecture of early
hominids. By studying comparative mechanisms in phylogenetically related groups (i.e. those
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species with whom we share a relatively recent common ancestor), it may be possible to
determine the relevant pre-Pleistocene EEAs for various neural structures, such as perceptual
systems. However, the Pleistocene involved dramatic changes in the size and organization of
our brain, as well as dramatic changes in selection pressures associated with the hunter-gatherer
subsistence method; thus, many of the hominid-typical cognitive organizations may be studied
most effectively by studying Pleistocene conditions (Tooby & Cosmides, 1992), even though
these organizations were clearly built upon pre-existing architectures.
The time period since the Pleistocene (the Holocene, from 10,000 years ago until
present) is not long in evolutionary terms, and is generally considered not long enough for much
evolutionary change to have occurred (Tooby & Cosmides, 1992). One consequence of this is
that the current fitness value of various behaviours does not necessarily reveal anything about
their previous adaptive utility or functional organization. That is, when modern environments
differ significantly from the relevant EEA, measures of current fitness are irrelevant (Symons,
1992). Irons (1998) argues that the last 10,000 years may have afforded some evolutionary
changes; for example, the production of lactose into adulthood (which is associated with groups
that farmed cattle and other animals for milk), and the sickle-cell trait (which is associated with
groups that are exposed to malaria) seem to have evolved since the Pleistocene. Thus, natural
selection, genetic drift, gene flow, and mutation may all have played a role in small changes in
allele frequencies in the human gene pool within this period. However, rapid change (such as
change within 10,000 years, or 300-400 generations of humans; Irons, 1998) is typically only
brought about by very strong environmental pressures, such as the genetic drift associated with
population bottlenecks caused by massive ecological change (for example droughts, floods, and
volcanic eruptions). Furthermore, many selection pressures have diminished with agriculture,
industrialization, and medicine, and natural selection is thus very unlikely to have shaped many
functionally organised adaptive mechanisms in the last 10,000 years.
4.1.2 The evolved brain
For Tooby and Cosmides (1992; 1995), there are a number of important principles of
EP that have implications for the evolution of the brain. These principles are basically arrived at
by applying evolutionary biology to the study of the brain and behaviour, and while they are not
controversial from a biological standpoint, they suggest a substantially different conception of
the brain than is standard in many areas of psychology (see a following section for a discussion
of the metatheoretical issues underlying these differences). However, many of these principles
are shared with cognitive science, and as a result EP generally offers a broader framework from
which the functional organization of the brain can be understood, just as evolutionary biology
provides functional understanding for anatomy. These basic principles will now be discussed.
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4.1.2.1 The brain is a physical system
In EP the mind is seen as the operation of the brain, and its actions are governed solely
by physical laws. This implicit understanding is shared with cognitive neuroscience. It is often
opposed on the grounds that the mind is considered non-physical, and is thus beyond scientific
study (for example Smith, 2000), but a branch of biology, EP entirely rejects this non-physical
conception of the brain, as does cognitive science in general.
4.1.2.2 The brain is a computational system
The computational metaphor is common to EP and to much of cognitive neuroscience,
and as a result allows EP to integrate easily into areas of research such as connectionism that
offer mathematical models of neural circuits that generate behaviour in response to information
from the environment (see Cosmides & Tooby, 1995, for a detailed discussion). This allows the
computational modelling of hypothesised evolved neural networks, which is useful in testing
both the neurological and ecological validity of evolutionary theories. Miller (2000d) argues
that the computational approach has not been a popular research strategy for evolutionary
psychologists, and that cognitive science's mind-as-computer metatheory may not be necessary
for EP, as biology's adaptationist metatheory has proven successful in conceptually integrating
various aspects of psychology. However, it seems possible that as EP becomes more established
the computational approach may become more popular; indeed the hypothesis used in this thesis
is related to Kosslyn's (1987) computational analysis of spatial processing (as will be discussed
below).
Just as the computational metaphor may be useful for EP, Cosmides and Tooby (1995)
argue that evolutionary psychology is essential to understanding the brain as a computational
system. Specifically, Marr's (1982) three-level method for modelling a computational system
seems intimately related to the process of EP. That is, Marr asserts that (a) computational
devices are designed to solve problems, (b) structure is related to function, and (c) explaining
the structure of a device requires knowing what problem it was designed to solve, and why it
was designed to solve that particular problem rather than another one. This is essentially a
process of understanding function, and since EP provides a functional approach to cognitive
science, it is thus useful for developing computational models of the brain (Cosmides & Tooby,
1995). Furthermore, the strict criteria for identifying an adaptation, such as evidence of adaptive
functionality and efficiency (see Appendix A) allow computational models to incorporate
ecologically relevant design constraints and informational content, rather than include
functional considerations as an afterthought (see Cosmides & Tooby, 1995, for an extended
discussion).
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4.1.2.3 The brain evolved
That the brain evolved may seem like a truism to most scientists, but it is the central
tenet of EP that distinguishes it from many other areas of psychology (excluding in particular
areas such as perception, which seems to have been particularly successful in utilizing a
functional ecological approach). While few cognitive scientists would disagree with the
proposal that the brain evolved, EP specifically investigates the biological implications of this
by adhering to it as a metatheoretical position. For example, as an evolved structure, the brain
must be composed of adaptive problem-solving devices, by-products, and random effects. When
there is evidence of functional complex organization and special design (see Appendix A), then
following the methods of evolutionary biology (Tooby & Cosmides, 1992), natural selection
must be invoked as the only biological mechanism capable of creating this.
EP is often concerned with understanding the functional organization of the brain and
behaviour (as is psychology in general), so it is commonly useful for EP to take an adaptationist
approach. While non-adaptive mechanisms are investigated, it is more common for evolutionary
psychologists to follow Tooby and Cosmides in emphasising the importance of adaptation in
explaining our psychology. This (non-exclusive) adaptationist approach is not unique to EP, and
is derived from the approach used by biologists. It is of course important that EP is informed of
and governed by biological methods that offer established methods of investigating evolved
structures such as the brain. As a result, developments in biology, particularly those involving
the processes and products of evolution, must be mirrored in EP.
4.1.2.4 The mind is modular
Tooby and Cosmides (1992) argue that many cognitive abilities are performed not by a
general-purpose problem-solving ability, but by domain-specific adaptive 'modules' (a term
introduced by Fodor, 1983, but not used in the same sense by evolutionary psychologists;
Cosmides & Tooby, 1995). Tooby and Cosmides (1992) argue that this approach is at odds with
the traditional view in psychology that while the perceptual system may be modular (i.e.
composed of a number of functionally-specialized mechanisms shaped by natural selection),
other aspects of the mind are not, and the majority of cognitive organization is socially
constructed by learning (this position is reviewed by Tooby & Cosmides, 1992; see also
Gallistel, 1995). In this traditional view, the mind is seen as a blank slate that becomes
functionally organized by learning about trends in the environment, and only 'lower' processes
such as vision are seen as modular. This traditional 'blank slate' view is rejected by EP in favour
of a metatheory which presupposes that the brain evolved, and that in many cases natural
selection drove the evolution of cognitive mechanisms that reflect reliable contingencies in our
evolutionary past (Cosmides & Tooby, 1994). In this view, the brain is composed of by-
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products, random effects, and, importantly, adaptive and functionally organized problem-
solving modules.
Modules are seen as content-sensitive problem-solving mechanisms, not instinctual
reactions to stimuli. That is, they allow the organism to adaptively compute environmentally-
relevant information, or at least the information that reliably occurred in the EEA; they do not
simply produce behaviour as part of ontogeny. Furthermore, these modules are not necessarily
isolated or independent: many modules must have evolved in context with one another (and
indeed in the context of the entire ecosystem; Dawkins, 1982), and it is possible that
interactions between them occurred at the genetic level (for example through pleiotropic effects,
in which a single gene influences many aspects of an individual's phenotype, or epistatic
interactions, in which alleles may influence the phenotypic effects of alleles at other loci;
Andrews, Gangestad, & Matthews, 2002). Furthermore, some interactions between modules
may have potentially been adaptive, for example by allowing increased flexibility in reacting to
new selection pressures. Conversely, it may be the case that some modules operate fairly
independently of one another, at least at some levels of explanation. For example, the visual
system may be considered isolated at the level of processing information from the retina, but
integrated at the level of coordinating motor movement (this is of course simplifying the role of
the visual system for the purpose of clarity).
Tooby and Cosmides (1992) argue that the general-purpose model of the brain (Gould,
2000) should be rejected on the grounds that it is computationally inefficient and inflexible
compared to the content-specific model. Specifically, a general-purpose problem-solving tool is
rarely capable of performing a wide variety of tasks very well, particularly when the tasks are
complex (i.e. while hammers are useful for a variety of 'hitting' tasks, they make poor knives,
and very poor helicopters). Similarly, neural circuits are rarely capable of solving a variety of
complex adaptive problems because solutions amongst different modalities must be guided by
qualitatively different standards. For example, choices about mate preference and habitat
preference are based on largely separate types of information (i.e. mate preference does not
involve making decisions about shelter or proximity to water). Tooby and Cosmides (1992) thus
argue that it is unlikely that the brain evolved as a general-purpose problem-solving mechanism
that happened to solve all of the adaptive problems (i.e. hammering, cutting, and flying), due to
the widely disparate types of information required to solve those problems. Instead, they
propose that a more effective – and biologically plausible – cognitive organization would
involve many mechanisms that are functionally specialized for solving adaptive problems
because they are tuned to stable and recurring properties of the EEA in which they evolved.
Tooby and Cosmides (1992) argue that this modular conception of the brain is more powerful
than the general-purpose conception in two main ways. Firstly, it offers increased computational
efficiency, as each module, and the modules it interacts with, can provide 'optimal' adaptive
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solutions (given the constraints on optimality; see Appendix A). Secondly, it offers increased
flexibility, as a large number of specialized and in many cases non-encapsulated circuits can
solve a wider range of problems than a single content-independent mechanism. In the example
above, not only are hammers, knives, and helicopters more efficient at performing their
respective tasks than any 'general-purpose' tool could be, they can be relatively efficiently co-
opted for an even wider range of tasks.
The modularity hypothesis proposed by Tooby and Cosmides (1992) has been very
influential on the field of EP (for example Pinker & Bloom, 1992; Symons, 1992), although it
has been criticised by a number of authors (for example Gould, 2000; Fodor, 2000; for a review
see Andrews et al., 2002). In many cases, this criticism is associated with Gould's (1991; 2000;
Gould & Lewontin, 1979; Gould & Vrba, 1982) objection to biology's adaptationist research
program (as adopted by EP; see Andrews et al., 2002), which he argues does not provide
enough focus on exaptations and by-products such as spandrels (see Appendix A). As a result,
Gould (1991; 2000) argues that adaptive, functionally-organized modules are seen as central to
EP, while other non-adaptationist products of evolution are essentially ignored. However,
Pinker and Bloom (1992) argue that Gould's objections to the adaptationist research program
seem merely to echo the caution in invoking adaptationist hypotheses urged by a number of
earlier influential biologists, including Williams (1966; other influential authors include Trivers,
Hamilton, and Maynard Smith). Thus, it does not seem that the modularity hypothesis can be
rejected on the grounds that it follows the adaptationist research program of biology, since this
method provides the established criteria required to provide a scientific identification of
adaptations, as well as exaptations and spandrels (see Andrews et al., 2002). That is, the
classification of a cognitive module as an adaptation rather than a by-product is made with
caution, and is based on clear evidence (see Appendix A; Tooby & Cosmides, 1992).
Furthermore, Pinker and Bloom (1992) argue that natural selection, as the only mechanism
capable of resulting in adaptive, complex biological design, is essential to understanding the
functional organization of the brain, and that studying adaptive modules is thus likely to further
our understanding of the brain and behaviour. (See Appendix A for a discussion of the
explanatory utility of adaptations and by-products.)
Other criticisms of the modularity hypothesis seem to stem from different conceptions
of how modularity can be defined, and different conceptions of how it is applied by
evolutionary psychology (for example compare Cosmides & Tooby, 1992; Fodor, 2000; Miller,
2000d). For example, Miller (2000a, 2000c, 2000d) argues that aspects of the modularity
hypothesis are somewhat at odds with sexual selection, specifically signalling theory (the theory
that fitness indicators are used in mate selection and reproductive competition). In particular,
fitness indicators need to reliably signal general bodily (phenotypic) health; otherwise, they do
not predict the production of fit offspring, and thus the reproductive advantage is lost (see
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Appendix A). If these fitness indicators are highly modular in terms of their underlying
physiological mechanisms, they may not accurately indicate overall levels of fitness (i.e. they
may simply indicate a strong, isolated, modular trait). However, this critique depends on the
degree of modularity implied by Tooby and Cosmides: if genetic mechanisms such as
pleiotropic effects and epistatic interactions (or other physiological mechanisms involved in
ontogeny) allow interactions between modules, then Miller's objection seems less problematic.
Additionally, if modules contribute to an individual's holistic 'extended phenotype' (see
Dawkins, 1982) rather than form a collection of encapsulated biological features, they may
function as reliable fitness indicators or enhancers (depending on the module), thus providing
the appropriate variation required for sexual selection and survival selection respectively.
The modularity model presented by Tooby and Cosmides (1992) does not seem to
involve general a priori hypotheses about the extent to which modules are encapsulated; instead,
this may be treated as an empirical question. For example, there may be large variations in the
extent to which modules interact with other modules, share information or computational
principles, share common evolutionary and neurological histories, and can be co-opted for other
uses (and thus be treated as spandrels or exaptations). Modular hypotheses do not – and need
not – assume cognitive or neuropsychological encapsulation, and thus empirical testing, in
combination with evolutionary evidence, can reveal the relevant properties of individual
modules in a holistic phylogenetic context.
4.1.2.5 The brain evolved in the EEA
Studying past selection pressures is essential to EP (as it is to evolutionary biology),
because adaptations were shaped by the selection pressures faced in ancestral environments, as
described above. An important consequence of this is that functionally-specialized, adaptive
cognitive modules are sensitive to the types of informational content encountered in our EEA
(Tooby & Cosmides, 1992; Symons, 1992). Where the informational content encountered in the
modern environment is essentially the same as in the EEA (as it is for perceptual systems, as
well as many social and cognitive abilities such as language), modules may still be considered
functional (although they may no longer contribute much to reproductive success). Where the
informational content of the modern environment is different than the EEA, such as in learning
mathematics or reading, our cognitive skills may be the result of generalizing modules to new
contents, for example generalizing concrete reasoning modules to the abstract domain of
mathematics, or small social hierarchies to population-wide politics. Similarly, specific
cognitive skills in the modern environment may be the result of co-opting groups of existing
content-specific modules, for example written language may plausibly be a by-product of
spoken language modules interacting with other motor and perceptual modules. Thus,
regardless of the current adaptive utility of cognitive modules, studying the human EEA is
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useful because it can reveal the functional organization of the brain, even if some modern skills
are the result of co-opting or generalizing modules that served an earlier adaptive purpose.
4.2 Proposed mechanism explaining sex differences
The most fundamental proposition underlying an evolutionary approach to studying
spatial ability is that spatial ability has been shaped by selection pressures. For a number of
reasons, it seems highly unlikely that spatial ability is a by-product of some other cognitive
adaptations (see Appendix A). Firstly, spatial ability shows the three criteria for natural
selection to operate (Darwin, 1859): selection pressure, variation, and heritability.
• Spatial ability is a fundamentally important part of being able to move through the
environment, encode relationships between objects in the environment, and recall that
information. Without spatial ability, most animals would not be able to forage for food,
remember spatial locations, or create cognitive maps of their environments: they could
neither survive nor reproduce. Thus, there are very strong selection pressures for having
spatial abilities.
• The existence of spatial skills in a wide variety of species (for example Gaulin, 1995;
McGregor & Healy, 1999; Williams & Meck, 1991) shows that this cognitive ability (or
group of abilities) is widespread throughout the animal kingdom, and is in all cases species-
typical. Furthermore, there is variation between individuals; this is found in all spatial tasks
(for example Shepard & Metzler, 1970), and across species (for example Gaulin, 1995;
McGregor & Healy, 1999) and sexes (for example Silverman & Eals, 1992; Williams &
Meck, 1991). Thus, there is the individual variation in spatial ability required by natural
selection in order to shape it as an adaptation.
• Spatial ability is heritable, and seems to be shaped by a number of biological factors,
including familial genetics (for example Cerone & McKeever, 1998), hormonal
environment (as determined by the sex chromosomes, for example Williams & Meck,
1991), and brain organization (which is shaped by genetic and hormonal factors; Siegel-
Hinson & McKeever, 2002). (See the preceding chapter for a review of these factors.)
Secondly, spatial ability shows evidence of 'special design' (Williams, 1966): it shows a
clear functional relationship to the spatial adaptive problems and selection pressures faced by
various species in their EEA (see Appendix A). Generally, spatial ability is clearly related to
navigation requirements associated with such factors as foraging ecology and maintaining a
home range, and as a result, species- and sex-differences are most likely to occur when there
have been reliable differences in these selection pressures (for example Gaulin & Fitzgerald,
1989; McGregor & Healy, 1999). So, according to the accepted adaptationist logic of
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evolutionary biologists (Tooby & Cosmides, 1992; see Appendix A), spatial ability is very
likely to be an adaptation across most animal species, including humans: its functional
relationship to adaptive problems is too clear and efficient to have arisen by chance processes
such as genetic drift. Two specific examples of the clear relationship between adaptive
problems and spatial ability are discussed as follows.
4.2.1 The relationship between spatial ability and selection pressures
A number of evolutionary models of spatial ability have proposed a relationship
between the navigation demands experienced during the EEA and current performance on
spatial tasks. By comparing the spatial performance of genetic groups that differ in spatial
requirements (and hypothetically in their functional spatial adaptations), it is possible to test the
predictions of various evolutionary models. It is worth noting that while different evolutionary
models of spatial cognition focus on slightly different ecological selection pressures (for
example foraging ecology and home range size, as discussed below), it does not seem that these
models are necessarily in competition with one another, even if they invoke different
mechanisms in explaining the evolution of spatial ability. Instead, there are two opposing
factors that result in both similarity and diversity amongst different populations: (a)
phylogenetic relationships and analogous selection pressures mean that many species may have
similar functional adaptations, and (b) natural and sexual selection have resulted in species- or
sex-unique selection pressures shaping somewhat distinct spatial abilities. As a result, while
spatial demands in the EEA are seen as the universal driving force behind adaptive spatial
ability, each unique set of selection pressures should be assessed in order to generate an
appropriate evolutionary model of the functional organization of spatial ability for that species.
4.2.1.1 Foraging ecology in birds
A number of authors (for example Bednekoff & Balda, 1997; Bednekoff, Kamil, &
Balda, 1997; Burke & Fulham, 2003; Krebs, Healy, & Shettleworth, 1990; McGregor & Healy,
1999; Shettleworth, Krebs, Healy, & Thomas, 1990) have found a clear relationship between
the selection pressures associated with foraging ecology and spatial ability in a number of
species of birds. For example, Clark's nutcracker harvests seeds during late summer by burying
them in up to 10,000 cache sites (each containing four or five seeds) distributed over many
square kilometres. During winter, a bird returns to the thousands of cache sites and digs up the
seeds which are its source of food over these months (Shettleworth, 1998). Given that failure to
recall the cache sites will result in starvation, there are strong selection pressures for Clark's
nutcracker (and other species of food-storing birds, such as coal tits) to have spatial memory
that is accurate up to a very high capacity, and is capable of maintaining that accuracy across
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degraded landmark input (such as snow-covered ground) and long retention intervals (i.e.
between harvest in summer and recovery in winter).
By comparing spatial memory in food-storing and closely related non-storing species, it
is possible to determine the relationship between foraging ecology (in this case the demands of
food-storing) and spatial ability. Research has found a clear advantage for food-storing species
in spatial accuracy and ability to ignore distracting information (for example Krebs et al., 1990;
McGregor & Healy, 1999; Shettleworth et al., 1990), and in the ability to maintain relevant
spatial information across long retention intervals (Balda & Kamil, 1992). This spatial memory
advantage seems to be positively related to hippocampal size (Hampton & Shettleworth, 1996;
Sherry et al., 1992), which is in concordance with current spatial models of hippocampal
function (as discussed in the previous chapter; O'Keefe & Nadel, 1978). Both spatial
performance and hippocampal size seem to be dependent upon experience, at least in some
species; for example, Clayton (2001) reports that hippocampal growth in food-storing
chickadees is only observed in individuals who are allowed to experience both storage and
retrieval behaviours. In such cases, functional adaptations for spatial ability seem to be elicited
by species-typical environmental and developmental experiences.
Another aspect of foraging ecology related to spatial memory is food source: for many
food types it is useful to remember the spatial location of the food, and information about if or
when it may be useful to return. For example, birds that eat nectar face selection pressure (such
as metabolic costs and competition for food) to return to a food site, but only after enough time
has passed to allow regeneration of the nectar. This is likely to promote an evolved strategy of
searching for new sites over short intervals, and returning to known sites after a sufficient time
interval (Burke & Fulham, 2003). Research supports the existence of such foraging-related
spatial memory biases in a number of species (see Burke & Fulham, 2003, for a review), and
Regent honeyeaters show the above bias, even when they have been raised in captivity, and
hence cannot have learned that bias through experience with wild flowers (Burke & Fulham,
2003).
4.2.1.2 Home range size in mammals
Selection pressures on spatial abilities depend on a number of environmental factors,
including distribution of available foods, potential predators, and mating system (Gaulin, 1995).
Mating system is important for two main reasons: it is related to sexual selection (and thus
sexual dimorphism), and it is related to navigational requirements. Firstly, across many species
the degree of sexual dimorphism (both physiological and behavioural) is positively related to
degree of polygyny (see Appendix A; Miller, 2000a). Secondly, in many mammalian species,
polygyny is positively associated with a sex difference in home range size: polygynous adult
males tend to have home ranges that are much larger than those of the females (at least during
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the breeding season), and for those males reproductive success is related to the ability to contact
many spatially-diverse females (Kawata, 1988). Thus, in polygynous species there is often a
clear sex difference in the spatial demands placed on reproductive success, and as a result
sexually dimorphic spatial ability is likely to evolve. By contrast, in monogamous species,
mating pairs tend to maintain close spatial relationships, and share a home range (for example
Kleiman, 1977). As a result, there is no sexually differentiated sexual selection for spatial
ability, and sexual dimorphisms in this skill are unlikely to evolve.
Gaulin (Gaulin & Fitzgerald, 1989; Gaulin, 1995) has found strong support for this
hypothesised relationship between mating system, home range size, and spatial ability, even
when captive-reared animals are used (thus ruling out experiential explanations; see Gaulin,
1995). Specifically, polygynous voles (such as meadow voles) show a strong sex difference in
spatial ability as measured by maze performance, while monogamous closely-related voles
(such as pine voles and prairie voles) do not show any sex difference. This is strong evidence of
a relationship between navigational demands and spatial ability, and in particular the existence
of evolved sex differences in spatial ability, driven by sexual selection (as well as natural
selection).
In accordance with this sexual selection hypothesis, there are functional effects of
seasonality that affect sex differences in spatial ability: males in polygynous species tend to
show elevated spatial ability during the breeding season, when their home range size expands to
accommodate a number of receptive females (Gaulin, 1995); conversely, females in polygynous
species show diminished spatial ability during the breeding season (Galea, Kavaliers,
Ossenkopp, & Innes, 1994), when reduced mobility may increase reproductive success by
allowing pregnancy, lactation, and nest-building to occur with diminished risk of predation and
injury (Sherry & Hampson, 1997). These functional interactions between sex, season, and
spatial requirements seem to be related to hormone levels, particularly in the case of elevated
levels of estrogens that reduce ranging behaviour and spatial ability (Fraser & Barnett, 1975;
Galea et al., 1994; Sherry & Hampson, 1997). Note also that these may be related to the
activational effects of hormones in humans (see previous chapter). As is the case with birds, the
hippocampus seems to be implicated as a neuroanatomical basis for spatial ability in voles:
males in polygynous species show larger hippocampi than females, while the hippocampus in
monogamous species is sexually isomorphic (Gaulin, 1995). This is consistent with O'Keefe and
Nadel's (1978) view of the hippocampus as a 'cognitive map' (as discussed above), although this
may vary across species, depending on the computational demands associated with each
specific set of selection pressures.
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4.2.2 The evolution of spatial ability in humans
Generally, spatial ability seems to be shaped by the navigational demands experienced
by a genetic group during a relevant period of its EEA. As a result, species- and sex-differences
are most likely to occur when there have been reliable differences in selection pressures for
spatial ability. From this fairly simple proposition, it is possible to generate an evolutionary
model of human spatial ability in the following way:
• Investigate the ecologically-driven spatial requirements of a genetic group (or, more
accurately, the spatial requirements of that population's EEA).
• Hypothesize about the evolved mechanisms (adaptations, exaptations, by-products, or
noise; see Appendix A) that may facilitate solving the relevant spatial problems, given
various evolutionary considerations such as phylogenetic history and the likelihood of the
evolution of a particular cognitive module as an adaptation.
• Design tasks that attempt to measure the cognitive skills used in solving those spatial
problems, in order to test those hypotheses.
Given this procedure, evolutionary models of sex differences in spatial ability must
firstly examine any spatial selection pressures, including sex differences in those pressures,
during the relevant period of the human EEA. This involves studying the paleoanthropological
record, as well as studying groups of humans who currently live in hunter-gatherer societies and
are separated from the modern industrialized environment.
4.2.2.1 Models of the evolution of human spatial ability
4.2.2.1.1 Navigational models
The comparative literature shows that there is a clear relationship between spatial
ability and the ecological pressures associated with moving through the environment
(particularly navigational requirements, as above). The widespread relationship between
navigational requirements and spatial ability suggests that this may be phylogenetically driven:
common ancestors of many species may have evolved spatial mechanisms that were shaped by
spatial environmental requirements (i.e. those associated with moving through the environment,
such as navigation). Where species differences or intra-species sex differences emerged, these
were associated with unique spatial selection pressures, such as home range size and food
source. Thus, spatial skills associated with foraging and navigation styles are the most likely
candidates for the shaping of spatial cognition in humans.
A number of hypotheses relating to navigational and foraging requirements have been
proposed as important in the evolution of spatial ability in humans, including male foraging
(and targeting ability; Jardine & Martin, 1983), sex differences in foraging style associated with
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the 'hunter-gatherer' subsistence method (Silverman & Eals, 1992), male range size (Gaulin &
Fitzgerald, 1989), female choice (and resulting sexual selection; Hawkes, 1991), fertility and
parental care (Sherry & Hampson, 1997), and dispersal (Greenwood, 1980). While most of
these models seem to be in accord with at least part of the observed patterns of sex differences
in spatial ability in humans, the dispersal model (Greenwood, 1980) predicts a general female
advantage in spatial tasks, and thus does not fit the observed data (for a discussion of this see
Silverman & Eals, 1992).
While these models focus on different types of selection pressures, most seem to be
entirely compatible with the 'hunter-gatherer' foraging model presented by Silverman and Eals
(1992). For example, the foraging model is compatible with the sexual selection model, since
sexual selection is potentially implicated in the evolution of the sexual division of labour in
foraging (see below), and can also account for the relationship between spatial ability and
female fertility cycles (as above). Similarly, the Silverman and Eals (1992) foraging ecology
model and the Gaulin and Fitzgerald (1989) mating system model both principally involve
investigating navigational requirements, and are thus not in fundamental opposition; rather,
their relative significance depends on the particular species. Simply, when navigational
requirements are driven by mating system, as is the case with many mammals, the Gaulin and
Fitzgerald (1989) mating system model seems appropriate; when navigational requirements are
driven by foraging ecology, as is the case with many mammals and birds, the Silverman and
Eals (1992) foraging ecology model seems appropriate. In the case of humans, male
navigational demands seem to have been a consequence of long-range searching for meat (as
discussed previously), since the hominid mating and pair-bonding pattern (Potts, 2003) did not
require that males maintain a large home range size. Thus, the Silverman and Eals (1992) model
seems to be the most relevant to the evolution of spatial ability in humans, in addition to being
the most comprehensive and extensible of the above navigation-based models.
4.2.2.1.2 The tool manufacturing hypothesis
One important hypothesis that is unrelated to navigational requirements is that tool
manufacture, and specifically the symmetry achieved in tool shaping, drove the evolution of
spatial ability in hominids (Wynn, Tierson, & Palmer, 1996; Wynn, 2002). In particular,
handaxes, which were manufactured between 1.4 million and 200,000 years ago, show some
evidence of bilateral symmetry. By 500,000 years ago, handaxes show evidence of symmetry in
three dimensions, which Wynn (2002) argues involves mental rotation, since it requires
encoding viewpoints that are not visually available.
In order to analyse this model, it is necessary to examine the potential adaptive
problems contained in tool manufacture, assess the computational goals, and propose a
cognitive mechanism by which a tool-making algorithm can be realized (Cosmides & Tooby,
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1995). Tools seem to be have been useful for hominids in two main respects. Firstly, tools were
used for many aspects of survival, including hunting, butchering carcasses, and preparing food
(Potts, 2003). Secondly, tools may have been used as fitness indicators in sexual selection (see
Appendix A). Miller (2000a) argues that many handaxes were too large or too small to be of
much practical use, that the symmetry achieved was not of any practical benefit, and that many
axes show signs of not having been used at all. Handaxes thus formed ideal fitness indicators
(see Appendix A): they were costly to make (in terms of time taken, metabolic cost, and risk of
injury), and reflected skill in their making, particularly since their symmetrical nature is readily
recognised and admired (Kohn & Mithen, 1999).
Given the likelihood of sexual selection pressures for tool making, it is at least plausible
that 'knapping' (the process of fracturing stones to make tools; Wynn, 2002) is an adaptation.
However, it is also plausible – indeed it seems phylogenetically much more likely – that the
cognitive skills involved in knapping may have been co-opted from earlier adaptive spatial
skills. Specifically, adaptations for spatial abilities involved in such fundamental tasks as
navigation and object recognition must have been present in the ancestors of hominids, and
these may theoretically provide the computational power to create symmetrical stone tools. In
order to assess this possibility, it is necessary to examine the computational demands of tool
making, and determine the likelihood that other modules of spatial cognition associated with
moving and navigating through the world may be co-opted for this use.
It will be argued here that contrary to Wynn's (2002) position, the spatial computational
demands of symmetrical tool making seem to be relatively modest. Specifically, symmetry is a
basic perceptual feature that does not require advanced spatial cognition in either recognition or
construction, and has no direct relationship to either mental rotation ability or figural
complexity. Wynn (2002) of course recognises that symmetry is evident in many organic and
non-organic forms such as biological body plans and crystals, is perceptually highly salient (and
can sometimes be detected pre-attentively), and is an adaptive fitness indicator in many animals
(Miller, 2000a). However, Wynn (2002) argues that the imposition of symmetry on material
objects, particularly the three-dimensional bilateral symmetry of late Pleistocene handaxes,
requires another level of spatial competence associated with mentally storing and manipulating
relationships. In opposition to Wynn's (2002) argument, it is firstly proposed here that imposing
symmetry is not inherently more computationally difficult than imposing non-symmetry. For
example, the nests of many birds show rotational symmetry, which, as Wynn (2002) points out,
is more perceptually demanding than bilateral symmetry, and the bowers of male satin bower
birds often show bilateral symmetry across two dimensions, yet the spatial computational
requirements do not seem more significant than constructing non-symmetrical forms such as a
beaver's dam. It is true that symmetry places constraints on design (i.e. it limits the possible
ranges of design), but it does not necessarily follow that this constraint increases computational
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complexity. Indeed, it is secondly argued that symmetry has no reliable relationship with figural
complexity, and thus there is no relationship between the number of symmetrical axes of a
shape and the computational difficulty associated with imposing it on material solid objects. For
example, a stone shaped into a cube has nine bilateral axes of symmetry, while Michelangelo's
statue of 'David' has none. Thirdly, symmetry is not positively related to difficulty of mental
rotation: instead, most mental rotation tasks become increasingly difficult when non-
symmetrical objects are used. For example, the asymmetric objects used by Shepard and
Metzler (1971) (also for example Collins & Kimura, 1997) show slower rotation speed and
higher error rates than alphanumeric characters (Cooper & Podgorny, 1976), which usually
show either bilateral or rotational symmetry. It is thus proposed that the pre-existing spatial
adaptations capable of solving the computationally difficult tasks associated with moving
through the world were eminently capable of solving the relatively modest computational
spatial demands of tool making.
Knapping thus seems to have involved planning the desired symmetrical shape, which
involves some relatively basic spatial computation, and then an extended period of accurate
spatiomotor coordination, strength, and stamina (Wynn, 2002). Given the relatively modest
spatial computations involved (compared to other spatial skills associated with navigation), it
seems unlikely that variation in spatial ability was the primary determinant of the variation in
knapping ability required for it to be shaped by natural selection. Instead, it is proposed that
knapping was a fitness indicator for a number of cognitive and motor skills. Miller (2000a)
suggests a number of likely candidates, including patience, learning ability, dexterity, strength,
pain tolerance (to cuts), resistance to infection (from cuts), hand-eye coordination, and
conscientious planning. Thus, if tool making ability was an adaptation shaped by sexual
selection, then it is likely that it contributed little to the evolution of specific spatial skills.
4.2.2.2 Sex differences in foraging selection pressures
Given that the hunter-gatherer subsistence method dominated the overwhelming
majority of human evolution (as above; Tooby & Cosmides, 1992), it is necessary to investigate
the navigation requirements associated with this foraging ecology. Of particular relevance to
this thesis is that hunter-gatherer societies critically involved (and still involves) a division of
labour: generally, men hunted (and earlier hominids may also have scavenged), and women
gathered (although see the caveats above; Barnouw, 1979; Lewin, 1984; Bird, 1999). As
discussed above, this division of labour was essential principally for nutritional fitness reasons:
success in hunting and gathering were both useful in providing food for one's kin. Thus, there
may have been a number of selection pressures on success in finding food, including selection
for individual survival, the survival of kin (i.e. providing for one's mate and genetic relatives),
and reproductive success.
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Survival selection pressures on foraging are often nutritional: if an animals does not
forage well enough to satisfy nutritional requirements, it will starve. For humans, the food-
sharing method utilised by ancestral hominids (as above; see Isaac, 1978) means that the
consequence of effective foraging is extended to one's kin. That is, successful hunting or
gathering seemingly results in a nutritional advantage for both the individual and their kin, and
thus is likely to be subject to natural selection. However, there are many aspects of the hunter-
gatherer subsistence method that are seemingly maladaptive for survival (see Bird, 1999, for an
extensive review):
• Hunting is only sporadically successful (as above), and does not provide a stable nutritional
source for the individual or his kin, particularly when targeting large game. Furthermore,
hunting requires considerable effort in terms of time and metabolic costs, and Bird (1999)
shows that this effort is disproportionate to its often relatively modest contribution to
reliable nutrition.
• Hunter-gatherer societies share food, and if the primary value of hunting was nutrition for
genetic relatives, then sharing with non-kin would be relatively rare, or based on equilibria
in social contracts (i.e. reciprocal sharing). However, Marlowe (2001) reviews a number of
studies showing not only that hunting is a relatively poor strategy compared to gathering for
provisioning for kin, but that the food provided by males is usually shared widely
throughout the group, and the kin of good hunters may receive no more food than non-kin.
It does seem to be the case that the male contribution to the diet improves reproductive
success of both parents, particularly in colder climates, which have less available plant life
(see Marlowe, 2001), but it does not seem to be an optimal strategy.
• Perhaps the most dramatic cost associated with the male foraging strategy is that hunting is
extremely risky for survival (as is scavenging; Blumenschine & Cavallo, 1992; Miller,
2000a). Male-typical foraging is likely to lead to exposure to predators, dangerous
retaliation from potential prey, and injury associated with dramatically increased physical
activity. Compared to gathering, hunting is – in terms of survival – a maladaptive foraging
strategy for male hominids.
In light of the adaptive costs associated with the hunting strategy, Miller (2000a) argues
that it is an ideal fitness indicator, and may have been driven by sexual selection (see Appendix
A). That is, just like a peacock's tail, hunting is costly, and can thus be performed successfully
only by the fittest of males who have the genetic capacity to flourish despite its associated costs.
Females showing a preference for males who are successful hunters are thus likely to have the
highest reproductive success, as a consequence of their mate's genetic advantage. According to
this hypothesis, this hunting-as-fitness-indicator strategy must have reached equilibrium, and
become species-typical of ancestral hominids (see Appendix A for a discussion of equilibria).
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This leads to a number of predictions that seem to be borne out in modern hunter-gatherer
societies. For example, Bird (1999) reviews a number of studies showing that good hunters have
higher social status among other males and among the whole group, enjoy increased mating
opportunities, and have the fittest females as partners (i.e. those who work hardest and have
greater reproductive success).
Sex differences in foraging ecology are likely to result in sexual dimorphisms in spatial
ability, particularly if such differences are driven by sexual selection. That is, while both sexes
share genetic spatial traits that promote both hunting and gathering, the costs associated with the
hunting strategy means that females have likely evolved a mechanism for not expressing the
relevant cognitive organization (see Appendix A). In humans, this is likely to have been a result
of the benefits of reduced mobility in women at different stages of reproduction, particularly
during pregnancy and lactation (as above, see Sherry & Hampson, 1997). Reduced mobility
during these stages is likely to increase reproductive success by increasing the amount of energy
expenditure available for raising infants, and by reducing the risk of predation (Sherry &
Hampson, 1997).
Physiologically, this potentially may be driven activationally by the spatially-inhibitory
effects of estrogens, and organizationally by feminisation resulting from lack of early exposure
to androgens (as discussed in the previous chapter; see Sherry & Hampson, 1997). Support for
this comes from studies with modern hunter-gatherer societies, who show reduced foraging and
thus reduced mobility in pregnant and lactating women (Hawkes, O'Connell, & Blurton-Jones,
1997). Similarly, for males there are likely to be costs associated with expressing the cognitive
organization underlying gathering, for example metabolic costs or cognitive interference with
cognitive abilities such as language (i.e. resulting from cognitive crowding; Levy, 1976). In
light of the biological-proximal effects of hormones and brain organization presented in the
preceding chapter, it may speculatively be the case that the suppression of female-typical spatial
ability in males results from the lack of early exposure to estrogens, and/or the organizational
and activational effects of androgens. (Note that a functional evolutionary understanding of sex
differences in spatial ability can thus provide theoretical grounding and empirical direction for
biological-proximal investigations.)
In order to implement the hunting and gathering foraging behaviours, selection must
have organized cognitive modules that process specific types of spatial information. However,
as a result of the costs associated with specializing in both hunting and gathering, expression
control mechanisms are likely to have evolved that result in a clear sex difference in the ability
to use modules that are differentially required by either strategy. That is, if hunting and
gathering require different spatial skills, then sex differences in those skills are likely to have
evolved. Thus, the next step is to identify the spatial skills underlying hunting and gathering,
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and to identify which groups of modules potentially satisfy the computational requirements of
each gender-specific foraging strategy.
4.2.2.3 Spatial skills involved in hunting and gathering
Silverman and Eals (1992) argue that hunting and gathering require different spatial
skills. If natural and sexual selection shaped these behaviours (and the evidence discussed above
suggests that this is true), then the sex differences in foraging style must reflect sex differences
in the cognitive skills underlying those foraging strategies. That is, there must be sexually
dimorphic modules for spatial ability that were functionally organized by sex-specific selection
pressures. Thus, the next step in investigating the evolution of sex differences in spatial ability
is to examine the spatial selection pressures involved in hunting and gathering. These are
introduced below, and investigated more thoroughly in the following chapter.
Note that this EP method follows the accepted biological and computational methods
(see Cosmides & Tooby, 1995) of examining the adaptive problem (or goal of the computation),
and determining the information available in ancestral environments that could be used to solve
the adaptive problems, which in turn determines the logic of the strategy by which relevant
computations can be carried out. Following this, cognitive studies can examine the
computational implementations, and biological-proximal studies (as described in the preceding
chapter) can examine the physiological and neurological implementations.
4.2.2.3.1 Hunting
Hunting requires a number of spatial skills associated with tracking moving targets
across large distances of unknown terrain, and navigating home after having followed novel and
possibly random paths while tracking (Dabbs, Chang, Strong, & Milun, 1998). This is also the
case with scavenging, which is often achieved by tracking many other scavengers (such as
vultures) until an appropriate carcass is found (Blumenschine & Cavallo, 1992). The term
'hunting' will be used to refer generally to the male-typical hominid foraging strategy, which
likely included scavenging, especially during the early Pleistocene. Given that the outward path
in hunting is likely to be circuitous and cover a long distance, it is inefficient in terms of time
and energy to simply retrace this as a homeward path (if indeed it could have been attended to
whilst tracking). Since the outward path is not an efficient homeward path, hunting does not
necessarily require paying attention to details about a specific route, as that path need not be
revisited (Dabbs et al., 1998; Silverman et al., 2000). Instead, hunting optimally requires the
ability to navigate directly home at the end of the hunt: this seems to be a fundamentally
important computational requirement.
Local environmental cues only provide information about the outward path, so
navigating directly home from any point in an unknown environment requires attending to other
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spatial cues. Specifically, such a navigational computation requires encoding information about
the overall layout of the larger environment (i.e. the environment containing the home base and
all potential hunting destinations). This can be efficiently achieved by attending to fixed distal
landmarks, since these provide environmental location and orientation information that can be
used to extract the required navigational information, regardless of one's location within a larger
environment. For example, fixed distal landmarks such as mountains or the sun (which acts as
fixed when time of day is considered) provide global information about the layout of an
environment. Navigating in this way involves a number of spatial abilities, including orienting
oneself in relation to spatial locations, conceptualising distance, and performing mental
transformations that maintain navigational information despite movement (Silverman & Eals,
1992).
Another computational requirement of hunting is the accurate judgement of distance
and motion of moving targets. For example, hunting requires dealing with the motion of a
number of objects (the prey, oneself, and other hunters), predicting paths of projectiles such as
spears, and judging distances between various objects, such as oneself and the prey, or one's
current location and the home base. Some distance and orientation computations seem to be
shared by the navigational and the trajectory-judgement requirements, although these may
represent relatively distinct groups of spatial and spatiomotor skills.
4.2.2.3.2 Gathering
Gathering requires a number of spatial skills associated with navigating between
numerous food sources that are relatively close to the home base (Bird, 1999), and encoding
specific information about those food sources, such as the type and quantity of food available
there, or when a return visit may be profitable. This is often perceptually and cognitively
demanding, as food sources may be embedded in a complex array (Silverman & Eals, 1992;
McBurney et al., 1997), and effective gathering may require encoding a large number of
specific food locations. Unlike hunting, returning to known sites is frequently profitable in
gathering, as food is often likely to reappear in one location. For example, food sites may
contain fruit in various stages of ripeness, and efficiently obtaining edible food – such as ripe
but not rotten fruit – thus requires revisiting at an appropriate time. Given that gathering is
usually performed relatively close to the home base (Bird, 1999; Marlowe, 2001), it is efficient
to retrace outward paths when returning home, or to learn more direct paths home from a known
frequented food site, if for example a gathering 'circuit' is followed. That is, learning a path is
computationally the easiest way to return to known local sites, which is of primary concern to
gatherers. This efficiency strategy of learning paths is distinct from the hunting method
described above, in which the greater distance and random outward path result in path-learning
being a very inefficient approach.
68
It therefore seems that two main computational requirements of gathering are learning a
path and memorising information about known food sites. Learning and recalling paths is
efficiently accomplished by encoding spatial relationships between sequences of landmarks that
are integral to that path, such as trees, rocks, or features of the terrain. Unlike hunting, gathering
requires learning about specific proximal landmarks, without necessarily encoding information
about the overall layout of the surrounding environment. The 'layout' or distal landmark strategy
required by hunters would be inefficient for gatherers: instead, a proximal-landmark strategy is
computationally easier, and provides all the information required for path-memorisation.
Similarly, memorising information about food sites is essential for gatherers, but would be
inefficient for hunters, as they do not need to return to a site (i.e. choosing a known site for
hunting is usually of no benefit: the location of the site generally depends entirely upon the
constantly changing location of the prey).
It is worth noting here that the proposed navigational demands associated with hunting
and gathering are not necessarily qualitatively different; instead, it is proposed that there is a
strong quantitative discrepancy in the demands that these foraging strategies place on navigation
techniques. That is, while it may sometimes be useful for gatherers to use distal landmarks to
provide layout information, the demands are much less than they are on hunters, given the
discrepancy in range size. Similarly, while it may sometimes be useful for hunters to memorize
particular routes, the demands are much less than they are on gatherers, given the discrepancy in
the use and importance of fixed locations as food sources.
4.3 Main findings
In contrast to the traditional view that males have generally superior spatial skills
(Voyer et al., 1995), Silverman and Eals (1992) argue that hunting and gathering both pose
distinct adaptive spatial problems, and that tasks that measure the skills underlying these
foraging strategies should show sex differences. Firstly, tasks that measure the spatial skills
involved in gathering should show a female advantage. (Note that this is a novel prediction that
promotes empirical investigation.) Secondly, tasks that measure the spatial skills underlying
hunting should show a male advantage. It is thus hypothesised that some traditional spatial tasks
are performed most efficiently by male-typical spatial modules that have been shaped by natural
selection to solve adaptive problems involved in hunting. (Note that this is an empirical
question, and not simply a post-hoc explanation for the observed effects.) Thirdly, it is
implicitly recognised that components of spatial cognition that are not inherently related to
navigation, such as basic object recognition, are unlikely to show a sex difference, unless they
are performed by the same spatial modules. This is known as the 'hunter-gatherer' hypothesis
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(Silverman & Eals, 1992), as it refers to an adaptive sex difference in spatial strategy associated
with evolved foraging styles.
4.3.1 Studies of male spatial specializations
Silverman et al. (2000) argue that long-range navigation within a relatively unknown
environment (as is associated with hunting) requires attending to fixed distal landmarks, and
ignoring local path-based landmarks. This is known as an orientation-based (or survey-based)
wayfinding strategy (Lawton, 1994, 1996; O'Keefe & Nadel, 1978). Computationally, a survey-
based strategy requires maintaining the integrity of a mental representation of space that is
accessible from various perspectives, and that maintains this integrity despite movement. This is
viewed by Silverman et al. (2000) as involving a perceptual constancy termed 'space constancy',
which refers to stability in the spatial perception of the surrounding environment, despite the
changes in viewing conditions associated with locomotion.
The concept of space constancy seems logically related to some aspects of traditional
spatial tasks, and to mental rotation in particular (although spatial perception tasks may also
share these computational features; Silverman et al., 2000). Specifically, both space constancy
and mental rotation involve maintaining the integrity of spatial relationships despite changes in
viewpoint. This does not suggest that space constancy is associated with total viewpoint-
independence (i.e. that there is no temporal cost of mentally manipulating viewpoint), but rather
that maintaining the integrity of the spatial relationship across viewpoints is a primary
computational goal, and this may take time. Furthermore, both mental rotation and survey-based
wayfinding involve perceiving spatial relationships between objects independently of one's
position in space: this is known as an allocentric frame of reference (Silverman et al., 2000).
Spatial relationships between distal landmarks are most effective in a survey-based strategy if
they remain allocentric; for example, the mountain is west of the river, and north of the gully,
regardless of one's orientation within that landmark array. Alternatively, an egocentric frame of
reference – one involving encoding spatial information as relative to the perceiver – is
inefficient in a survey-based strategy. For example, encoding the spatial relationships of the
mountain, river, and gully as 'in front', 'right', and 'behind' means that spatial representations
must be updated with changing position (Lawton, 1994). Similarly, spatial relationships in a
mental rotation task are most efficiently encoded as abstractly relative to each other, but not
relative to the observer: the spatial relationships between parts of a mentally-rotated object do
not change relative to each other, but their position relative to the observer does. (Note that the
computational demands of mental rotation and other related spatial tasks will be discussed in
more detail in a later section.) Thus the survey-based strategy seems logically related to space
constancy and an allocentric frame of reference, and provides a link between wayfinding
strategy and mental rotation strategy (Silverman et al., 2000).
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This hypothesis seems to be supported by data from various cognitive and behavioural
studies. The well-established male advantage in mental rotation (Silverman & Eals, 1992;
Voyer et al., 1995) is of course consistent with the model, as are advantages in spatial
perception tasks (Silverman & Eals, 2000; Voyer et al., 1995). Importantly, there also seems to
be a strong relationship between navigational tasks (such as wayfinding, map-reading, maze-
learning, and virtual navigation) and mental rotation (as discussed earlier; Galea & Kimura,
1993; Moffat et al., 1998; Silverman et al., 2000). This is further supported by evidence for a
sex difference in navigational strategy consistent with the model proposed by Silverman et al.
(2000). For example, Sandstrom et al. (1998) used a virtual version of the Morris Water maze,
which involves finding a hidden platform in a large pool of opaque liquid. By manipulating the
availability and reliability of local landmark cues and distal cues about the geometry of the
room, they found that males show a significant advantage in the use of distal geometric
landmarks. (The specific results for females will be discussed in the following section.) This
offers qualitative and quantitative support for the hypothesis that males are more likely and
better able to use a survey-based strategy when wayfinding.
Groen. Wunderlich, Spitzer, Tomczak, and Riepe (2000) offer neurological support for
a sex difference in navigation style using an fMRI paradigm. They found sexual dimorphisms in
the brain regions activated when navigating through a virtual maze, and suggest that this
provides a neural substrate for the observed behavioural differences. Specifically, while
navigation seemed to activate a number of regions in both sexes (such as the medial and lateral
parietal regions), males showed distinct activation of the left hippocampus, and females showed
consistent activation of the right parietal and right prefrontal cortex. This seems generally
consistent with a sex difference in navigation styles, in that any adaptive behavioural sex
differences must have a neural substrate. However, comprehensive evolutionary predictions
about particular neural networks or brain regions rely on a more detailed understanding of the
relationship between genetics and various aspects of neural, perceptual, cognitive, and
behavioural function.
4.3.1.1 Biological-proximal evidence
Biological-proximal studies of sex differences in spatial abilities also seem to be
consistent with the hunter-gatherer hypothesis, particularly in terms of the organizational and
activational effects of hormones. Note that these studies have usually defined 'spatial ability'
using traditional spatial tasks such as mental rotation, which is optimally performed by
maintaining space constancy. While Silverman et al. (2000) do not discus the issue of sexual
selection in relation to the foraging strategy model of spatial cognition, this seems potentially
relevant in explaining the relationship between sex hormones and spatial ability (Sherry &
Hampson, 1997). Specifically, if hunting (utilising a survey-based wayfinding strategy) was a
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fitness indicator that involved costs for females and advantages for males (as above), then
hormonal mechanisms are likely to account for the evolution of sexual dimorphisms in the
expression of spatial abilities involved in survey-based wayfinding.
In this case, hormonal mechanisms must allow (a) the expression of this trait in males
organizationally, and possibly activationally, although this is not necessarily expected by this
model, and (b) the inhibition, or at least only weak expression, of this trait in females, both
organizationally and activationally, particularly during pregnancy, lactation, and sections of the
menstrual cycle other than menses. For males, expression seems important because it acts as a
fitness indicator, and enhances reproductive success due to competition for mates (Miller,
2000a). In females, inhibition seems important because expression entails fitness costs such as
decreased foraging success and increased risk of predation, which are particularly costly during
pregnancy, lactation, and periods of high fertility (Hawkes et al., 1997).
The organizational expression of male-typical spatial ability seems to be controlled
primarily by testosterone (see the previous chapter, and for example Berenbaum et al., 1995),
which offers a proximate mechanism for the sexually-selected genetic expression of spatial
ability. As is discussed in the previous chapter, exposure to testosterone (as is the case in normal
males, or in females exposed due to abnormalities, such as CAH) results in male-typical
expression of spatial ability. Correspondingly, reduced exposure to testosterone (as is the case
in normal females, or in males who are not exposed due to abnormalities, such as androgenic
insensitivity) results in reduced expression of male-typical spatial ability (for a review see
Kimura, 1999).
Activational effects of hormones can be useful in modulating spatial ability with
selection requirements that vary over time. For normal females, a long-distance foraging
strategy would be particularly costly during pregnancy and lactation (as above), so sex
hormones may activationally inhibit male-typical spatial ability. This is supported by
experimental data: increased levels of estrogens, as associated with stages of the menstrual
cycle other than menses, seem to inhibit spatial ability (Hampson & Kimura, 1988). Thus,
estrogens are seen as a plausible proximal mechanism by which spatial ability is inhibited in
females during specific stages of reproduction.
For normal males, the results seem to be more complex, partly because it is unclear
whether post-pubertal variations in circulating testosterone level are associated with selection
pressures for increased foraging success. In some species there is a clear relationship between
reproductive success and spatial requirements in males; for example, male meadow voles
increase their range size only during the breeding season, which increases contact with females
(Gaulin, 1995). In humans, female receptivity is not limited to a breeding season, so an
analogous mechanism for temporarily increasing the reproductive success of males is unlikely
to exist. Speculatively, increased provisioning by males for kin during late pregnancy and
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lactation (during which stages the female forages less; Hawkes et al., 1997) may conceivably be
associated with a change in circulating testosterone level, although this does not have any
experimental support that the author is aware of. Thus, in the absence of clear relationships
between temporal variations in testosterone and reproductive success, it is difficult to make
concrete predictions about this relationship, and observed activational effects of testosterone in
human males may or may not be functionally organized adaptations.
As discussed in the previous chapter, experimental data in within-subjects studies often
show a negative relationship between spatial ability and circulating testosterone level in men
with normal levels (for example Moffat & Hampson, 1996; O'Connor et al., 2001; although see
Silverman et al., 1999), and a positive relationship between circulating testosterone and spatial
ability in males with abnormally low levels of androgens (such as hypogonadal men; Janowsky
et al., 1994). While there are conflicting results in the literature, which may be due to
methodological differences such as use of different spatial tasks, this 'inverted-U' relationship
between circulating testosterone and spatial ability in males suggests that the optimal level for
spatial ability is in the lower normal male range (Kimura, 1999).
The optimal ranges for circulating sex hormones (i.e. maximal inhibition from
estrogens and maximal expression from androgens) seem to depend on early exposure to
activational effects. For example, increased levels of testosterone, as administered medically or
experimentally, seem to improve performance on mental rotation tasks in females (Van Goozen
et al., 1994), but not in males (Kimura, 1999). Conversely, increased levels of estrogens inhibit
spatial performance in females (Hampson & Kimura, 1988), but not in males (Slabbekoorn et
al., 1999). Thus, it is likely that sexually dimorphic brain development, as guided by
organizational effects of sex hormones, renders males and females differentially affected by
circulating levels of androgens and estrogens.
4.3.1.2 Socio-cultural evidence
Socio-cultural evidence for sex differences in play style are also compatible with an
evolved model of spatial ability. For example, an evolved male adaptation for space constancy
and other spatial skills underlying hunting is likely to develop only under specific
environmental circumstances, including normal hormonal exposure and experience in relevant
spatial tasks. The 'cultural' sex difference in play style is thus seen as part of the extended
phenotype (Dawkins, 1982): natural selection can shape cultural practices that affect
reproductive success. (For an extended discussion of the relationship between culture and
evolution, see Tooby & Cosmides, 1992.) In this 'integrated causal model' proposed by Tooby
and Cosmides (1992), culture is seen as a product of evolved psychological mechanisms that are
required to functionally process information about the environment, including other human
beings. This does not suggest that all cultures should be species-typical adaptations, rather that
73
cultural practices reflect (and have shaped) selection pressures, and that the variety in cultural
practices is generated by an intricate relationship between our evolved cognitive architecture
and the environment. A distinction between a 'socio-cultural/experiential' and an 'evolutionary'
account can thus be seen as illusory, given that culture is an important driving force in
evolution, and that experience is a necessary part of normal phylogenetic development.
Furthermore, EP provides a focus for biopsychosocial models (such as Sherman's, 1978,
'bent twig' model, as above), by hypothesizing about the nature, direction, and organization of
'biological' predispositions. For example, boys do not simply have an innate predisposition to
play with spatially-oriented toys (see Voyer et al., 2000): they are likely to engage in
experiences that, in additional to organizational hormonal factors, assist the expression of
specific spatial skills such as space constancy involved in an orientation-based navigation
strategy. As a result, a sex difference in play style is entirely compatible with an evolutionary
account, and experience may be important in the expression of sex-typical spatial skills.
Evidence presented earlier suggests that experience may be related to spatial ability (for
example Voyer et al., 2000), but that this factor alone cannot explain the size of the observed
sex difference in tasks such as mental rotation (Maccoby & Jacklin, 1974; Saucier, et al., 2002;
Siegel-Hinson & McKeever, 2002). As a result, biological factors, both proximal and
evolutionary, are seen as interacting with culturally-driven experiential factors in causing the
observed male advantage in spatial tasks and relevant experiences.
4.3.2 Studies of female spatial specializations
Silverman and Eals (1992) propose that sex differences in navigational selection
pressures result in (a) a female disadvantage in tasks that require space constancy, such as
mental rotation (as above), and (b) a novel female advantage in tasks that require some types of
spatial memory, such as object array tasks. Reasoning behind these hypotheses is presented as
follows.
In contrast to the wayfinding strategies associated with hunting (Silverman et al., 2000),
the short-range navigation between established locations associated with gathering is most
efficiently accomplished by attending to proximal landmarks that are used to learn a path (as
discussed above). This requires encoding and later recalling a sequence of instructions about
how to get from one location to the next, and is known as a route-based wayfinding strategy
(Lawton, 1994, 1996; O'Keefe & Nadel, 1978). Learning a path in this way requires the
proximal egocentric (viewer-centred) landmark knowledge that allows the gatherer to navigate
between specific locations; for example, it is important to know the order in which they appear,
and the side of the path they appear on. However, gathering does not require encoding the
overall spatial layout or precise locational position of the food sites (as is afforded by the use of
distal landmarks and a survey-based strategy), since this strategy would be computationally
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inefficient for learning a large number of fixed locations over a small distance. For example,
knowing that the tubers are north of the fruit tree provides directional information that is useful
when these are used as distal landmarks for navigating in a larger area. However, it does not
directly provide path information, which would still need to be computed, and accurate
Euclidian conceptions of environmental layouts seem less essential in small areas. Instead, it is
much more useful and computationally cost-effective to know the sequence of landmarks that
leads between the tubers and the fruit tree (or between the fruit tree and the home base), and
their egocentric relative positions (possibly in addition to a coarse conception of the overall
spatial layout).
Thus, the hunter-gatherer model predicts a female disadvantage in spatial skills
underlying a survey-based wayfinding strategy, such as mental rotation. The corollary of this is
that a female advantage is expected in the spatial skills underlying gathering and route-based
wayfinding strategies. In addition to learning sequences of egocentric relationships between a
large number of local landmarks (as above), gathering requires encoding details about food sites
and other landmarks. By comparison, hunting does not involve navigating to fixed locations of
food sources, and does not involve encoding specific details about landmarks, since returning is
not often important. Thus, gathering seems to place stronger demands on some aspects of spatial
memory than does hunting, in particular memory for (a) details of a large number of objects,
even when buried in an array or hidden from view, and (b) sequences of objects, in particular
their relational rather than Euclidian or geometric positions.
4.3.2.1 Object array tasks
In light of the spatial memory demands of gathering, Silverman and Eals (1992)
hypothesised that a specifically-designed 'object array task' (which tests object location
memory; see chapter 1) should show a female advantage. A series of studies (for example
Dabbs, et al., 1998; Eals & Silverman, 1994; James & Kimura, 1997; Silverman & Eals, 1992)
have found support for this proposal, showing that females show greater object location
memory across a range of conditions (discussed below). Specifically, Silverman and Eals
(1992) developed a pencil-and-paper object array task that involves studying a stimulus array of
common objects (usually numbering approximately 27) for one minute, then being presented
with a test array in which changes must be identified. Various types of changes were used that
discriminate between processes involved in object location memory, including memory for the
object's identity and memory for its location (see below for a further discussion of separable
processes in object location memory). These variations include the following:
• Adding a number of items to the stimulus array, which serves as a measure of memory for
object identity, and does not tax memory for the locational information per se. Silverman
and Eals (1992) report a large female advantage on this task.
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• Exchanging the locations of approximately half the objects, which involves assigning
objects to the correct positions. This 'location-exchange' task was classified by Silverman
and Eals (1992) as testing location memory (although more specifically it seems to tax
object-to-position assignment, according to the criteria set out by Postma, Izendoorn, & de
Haan, 1998; see below). Silverman and Eals (1992) report a large female advantage on this
task, and this is corroborated by James and Kimura (1997).
• Shifting approximately half the objects to previously unoccupied locations, which may
serve as a measure for locational memory relatively independently of object identity
memory. James and Kimura (1997) report no significant sex difference on this 'location-
shift' task. Specifically, scores for females remained the same across location-exchange and
location-shift variations, while males scored higher on location-shift than on location-
exchange. James and Kimura (1997) thus suggested that the female advantage on the object
array task is limited to cases in which object identity memory is of primary importance.
Differential results in variations on the object array task (in addition to some
definitional inconsistencies) suggest that it is necessary to examine the separable processes in
object location memory. Postma (Postma & De Haan, 1996; Postma et al., 1998) has presented
evidence that object location memory may be considered as two distinct processes (in addition
to memory for basic object identity): the construction of a positional map (positional encoding),
and assigning objects to the correct positions (object-to-position assignment). A third
component is the integration of positional encoding and object-to-position assignment to form
mental representations of object location. Data from Postma and De Haan (1996) suggest that
positional encoding and object-to-position assignment may be computationally and
neurologically distinct; for example, articulatory suppression (which in this case involved
counting backwards at the same time as completing the spatial tasks) affects object-to-position
assignment, but not positional encoding (Postma & De Hann, 1996). Furthermore, Kessels,
Kapelle, de Haan, and Postma (2002) report that lesions to the left hemisphere impair object-to-
position assignment, while lesions to the right hemisphere impair positional encoding.
Postma et al. (1998) found a male advantage in positional encoding, but no sex
difference in object-to-position assignment. Specifically, their task involved studying a
relatively small array (10 objects) for 30 seconds, and reconstructing that array from objects
presented at the bottom of the screen during a test phase. This occurred across three conditions:
1. Object-to-position assignment, which involves locational cues showing the
positions of objects in the study array; thus, reconstructing the array does not
require positional encoding per se. This produced no sex difference (Postma et al.,
1998).
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2. Positional encoding, which involves all the study objects assuming the same
identity; thus, reconstructing the array does not involve object-to-position
assignment. This produced a male advantage (Postma et al., 1998).
3. A combined condition, which involves simply reconstructing the array without
locational cues. This also produced a male advantage (Postma et al., 1998).
Postma et al. (1998) argue that these findings are relevant to the findings of Silverman
and Eals (1992) (and therefore to James & Kimura, 1997), so a re-interpretation of their results
using Postma's separable processes of positional encoding and object-to-position assignment
(Postma et al., 1998) may prove useful. Specifically, object-to-position assignment seems to be
most directly related to the location-exchange condition (Silverman & Eals, 1992), and the lack
of a female advantage on this task is likely to be due to the ease of the task, since Postma et al.
(1998) used only a small number of objects. That is, given sufficient task difficulty, females
seem to show an advantage in object-to-position assignment (Silverman & Eals, 1992).
Conversely, the location-shift condition developed by James and Kimura (1997) seems to
involve both positional encoding and object-to-position assignment. The lack of a female
advantage on this task may be accounted for by the male advantage on the positional encoding
component of object location memory (Postma et al., 1998); an object array task that taxes both
male-typical positional encoding and female-typical object-to-position assignment is unlikely to
show a robust sex difference.
McBurney et al. (1997) propose another object-array task that reflects the cognitive
demands of gathering, and that seems directly and specifically to involve object-to-position
assignment, not positional encoding per se. This is the common game 'Memory' (also known as
'Concentration'), which (as discussed in Chapter 1) involves matching pairs of objects depicted
on cards that are arranged face-down on a table. This task is clearly analogous to the object-to-
position assignment task developed by Postma et al. (1998), since positional locations of
objects, but not their identity, are pre-marked in the array as face-down cards. As predicted by
the current interpretation of sex differences in object location memory, this task shows a large
female advantage (effect size = 0.89), and represents an appropriately difficult version of
Postma's task (which involved only 10 objects, as opposed to the 33 pairs of objects used by
McBurney et al., 1997). The 'Memory' and location-exchange tasks thus seem to be the most
robust object-array tasks showing a female advantage.
4.3.2.2 Real-world tasks
In order to examine the real-world implications of the object-array task, Silverman and
Eals (1992) developed a version using actual objects in a naturalistic setting. Specifically, naïve
participants were asked to wait in a stimulus room that contained a number of common objects,
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and after two minutes were removed from the room, and informed that they would be tested on
their memory for objects in the room. Participants were required to name and recall the
approximate locations of as many of the objects as they could; Silverman and Eals (1992) report
a large female advantage on this task. Note that the positional encoding required was very
broad, and geometric accuracy, which would have favoured males if the above findings are
robust (Postma et al., 1998), was not assessed.
Silverman and Eals (1992) repeated this naturalistic study using directed and incidental
learning: half the participants were instructed to memorize the objects in the room (directed
learning), and half were simply told to wait in the room (incidental learning). Again,
participants were subsequently required to recall object identities and locations, although in this
study locations were marked on a schematic drawing of the room divided into seven regions.
(Note that 'location memory' here is thus 'object-to-position assignment' in Postma's
terminology). Results showed (a) a large female advantage in object-to-position assignment for
both incidental and directed learning, and (b) a smaller female advantage in object identity
memory, which was significant for incidental but not directed learning.
Navigation tasks also seem to offer support for the hunter-gatherer model of spatial
abilities (Silverman & Eals, 1992), and specifically for the hypothesis that females are more
likely to use arrangements of proximal landmarks, rather than positional encoding of distal
landmarks and geometric relationships (see Dabbs et al., 1998). For example, Sandstrom et al
(1998) studied navigation in a virtual water-maze (as discussed above), and reported that
females relied predominantly on proximal landmark information. When positional encoding
was required, or when object-to-position assignment was unreliable, females were significantly
more adversely affected than were males. Similarly, Saucier et al. (2003) report a female
advantage in a landmark-based route-learning task, and a male advantage in a Euclidian version
of the same task. Interestingly, Saucier, Bowman, and Elias (2003) report that articulatory but
not visuospatial interference impaired the performance of females on the route-learning task,
suggesting that language processing, or at least the categorization of spatial relationships, may
be involved in the female-typical navigation style (see below on language processing and the
following chapter on categorization). Thus, sex differences in spatial information encoded on
object array tasks seem to reflect sex differences in navigational style and use of landmarks.
4.3.2.3 The role of verbal memory
In summary, data seem to reveal a robust female advantage in some aspects of object
location memory and navigation, specifically in appropriately difficult tasks assessing object-to-
position assignment (and object identity memory). This is concordant with the gathering model
of female spatial abilities (Silverman & Eals, 1992), which predicts a female advantage in
recalling details about a large number of objects (such as proximate landmarks), and encoding
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the approximate egocentric positions – but not precise geometric or allocentric locations – of
those objects.
However, the role of verbal memory in this sex difference is difficult to assess as the
female advantage in object identity memory and object-to-position assignment may be
influenced by the observed female advantage in some aspects of verbal memory (Kimura,
1999). (It should be noted that the observed female advantage is unlikely to be due simply to
general memory processes, since general memory tasks typically show no clear sex difference;
Maccoby & Jacklin, 1974.) Postma et al. (1998) note that positional encoding may be
considered the most purely spatial of the separable processes in object location memory (at least
in traditional terms), and that the female-typical spatial abilities may be more readily described
in verbal terms. For example, labelling the items in an array of familiar objects may assist recall
of identity and relative location (i.e. "the shoe was above the car"), while it is difficult to
generate verbal labels for male-typical positional encoding. Thus, the female advantage in
verbal memory may potentially contribute to the female advantage in object-to-position
assignment. Indeed, this may conceivably be an important aspect of the memorial requirements
of gathering, such as encoding details about large numbers of landmarks.
Despite the potential role of verbal memory in contributing to the observed female
advantage in some object array tasks, data suggest that this effect is indeed due to a sex
difference in spatial rather than verbal processing. Firstly, Postma et al. (1998) found that
concurrent articulatory suppression affected object-to-position assignment equally in males and
females. This supports a potential relationship between verbal processing and object-to-position
assignment, but shows that there is no sex difference in this relationship: females do not seem to
be differentially advantaged by verbal labelling in female-typical object location memory.
Furthermore, articulatory suppression also adversely affects positional encoding (again, equally
in both sexes), although the reduction in performance is much less severe than in object-to-
position assignment. This suggests that while verbal abilities may be more important in female-
typical than male-typical spatial abilities, the difference is quantitative rather than qualitative.
One caveat regarding this conclusion is that the task difficulty in the Postma et al. (1998) task
was much lower than in the Silverman and Eals (1992) and McBurney et al. (1997) tasks, and it
is plausible that verbal memory in object location memory may become more important as the
number of objects increases.
Secondly, Eals and Silverman (1994) essentially replicated the results of Silverman and
Eals (1992) using unfamiliar (i.e. novel and relatively un-nameable) stimuli. That is, females
continued to show a significant advantage in object-to-position assignment, despite the lack of
available verbal labels for the objects. This advantage in object-to-position assignment occurred
using both drawings and real objects (although this was limited to the incidental learning
condition). By contrast, object identity memory did not show a female advantage; indeed, males
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showed an advantage in object identity memory under directed learning conditions in a
naturalistic setting. This suggests that object identity memory may be related to verbal memory,
given that females show an advantage with familiar, but not unfamiliar stimuli, but that the
female advantage in object-to-position assignment is independent of verbal memory, given that
the sex difference is unaffected by stimulus familiarity and nameability.
It is worth noting that these findings are not presented to dismiss the relationship
between spatial and verbal skills. Indeed, important questions remain: to what extent does the
perception of space influence the verbal labelling of spatial relationships? Furthermore, to what
extent do such verbal labels in turn influence the cognitive processing of spatial relationships,
including spatial memory? Addressing such questions is beyond the scope of this thesis, but the
utilised approach of investigating the role of cognitive/perceptual tendencies in spatial encoding
may be useful in isolating purely spatial encoding as much as possible. Thus, one of the
underlying assumptions in this thesis is that language may often be an important cognitive tool
in solving spatial problems, but that there are distinctly spatial (i.e. nonverbal) processes and
strategies, and these may be differentiated by sex, even if their measurement is likely to be
affected by non-spatial cognitive processes, such as language and motor control.
4.3.2.4 Biological-proximal evidence
The relationship between biological-proximal factors and male-typical spatial abilities
has been well-studied (as discussed above), but the factors influencing female-typical spatial
abilities are not well understood. Silverman and Eals (1992) studied the emergence of this sex
difference in pre-pubertal children, and found evidence for a female advantage in object identity
memory, and a non-significant advantage in object-to-position assignment (which reached
significance in some age groups). However, differential maturation rates may influence such
comparisons, and further investigations are clearly required. Tentatively, a pre-pubertal sex
difference implies that there may be organizational effects of estrogens that drive the observed
female advantage in some aspects of object location memory.
4.3.2.5 Socio-cultural evidence
The hunter-gatherer model of sex difference in spatial abilities (Silverman & Eals,
1992) is unique in that it predicts a female advantage in some spatial abilities. No known socio-
cultural model has proposed, or can explain, the observed female advantage in object-to-
position assignment, given that all models have been based on the assumption that males have
better overall spatial skills (Maccoby & Jacklin, 1974). Hypothetically, it is possible that male-
typical spatial abilities develop experientially at the cost of female-typical spatial abilities,
although this cannot account for the observed biological-proximal effects, such as estrogens
inhibiting male-typical spatial ability in females. Furthermore, this assumes that the human
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brain is predisposed to organize spatial ability in a female-typical way unless exposed to male-
typical spatial experiences, which is essentially an evolutionary explanation (i.e. that female-
typical spatial ability must be an adaptation that is expressed 'by default', as is the female-
typical body plan).
4.4 Utility and limitations
While the overall utility and limitations of EP will be addressed in the general
discussion, it may be useful to briefly examine the utility and limitations of the hunter-gatherer
model (Silverman & Eals, 1992). It seems that the primary benefit of the hunter-gatherer model
has been in hypothesis generation, as it was used to predict a novel female advantage on object
array tasks that was not expected by biological-proximal or socio-cultural models. In addition,
however, it also provides an integration of these three approaches, by potentially providing a
functional understanding of biological-proximal factors such as organizational and activational
hormone effects, and direction for socio-cultural research, such as investigating the role of
experience in the development of the observed female advantage.
The primary limitation of the hunter-gatherer model specifically (as opposed to EP
more generally; see the general discussion) seems to be that as a relatively recent theory it
requires further testing and refinement. For example, an accurate and detailed analysis of the
computational demands of hunting and gathering is an important component of this model, but
will require further study. Similarly, in order to further test the model it seems necessary to
manipulate current tasks and design novel tasks that specifically tax these computational
demands, and to make predictions about resulting sex differences in performance. A primary
aim of the current thesis is to assist this process of testing, expanding, and refining the hunter-
gatherer model.
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5 Extending an evolutionary model of sex differences
in spatial cognition
In light of the preceding chapters, it seems that the multi-disciplinary evolutionary
approach to studying sex differences in spatial cognition is the most potentially comprehensive.
That is, it offers a metatheoretical framework for socio-cultural and biological-proximal
evidence, and provides a focus for a theory-driven examination of sex differences. However,
while there is a considerable body of evidence offering initial support for the hunter-gatherer
model (Silverman & Eals, 1992), there does not seem to be a clear consensus on the specific
spatial skills underlying hunting and gathering, nor on the tasks which most accurately assess
these abilities (for example compare James & Kimura, 1997; McBurney et al., 1997; Silverman
& Eals, 1992). Thus, the primary aim of this thesis is to attempt to extend and develop this
model by forming increasingly focused hypotheses about ancestral sex differences in the
computational demands associated with spatial cognition. (It should be noted again that
hypothesised adaptations are likely to have hormonal or other ontogenetic and experiential
proximal causes.) This will be achieved theoretically by discussing components of spatial
cognition, and, by using an adaptationist approach, proposing more focused and precise
relationships between these components and sex-typical spatial styles. Experimentally, this
extended model will be tested by examining sex differences in performance on tasks that target
the skills underlying the hypothesised male-typical and female-typical spatial styles and
abilities.
5.1 Spatial representations
Prior to examining components of spatial cognition, it is necessary to discuss the nature
of mental representations of space. These representations depend on various sources of spatial
and non-spatial information, and are structured into the knowledge required by spatial tasks
such as navigation. The following discussion of spatial representations will thus examine
sources of spatial information, types of spatial knowledge, and hierarchies in spatial memory.
5.1.1 Sources of spatial information
Navigation requires obtaining spatial information through two main sources: self-
generated movement cues and external landmark cues. Firstly, self-generated movement cues
are the result of the dynamic sensory flow created by moving through an environment (Jacobs
& Schenk, 2003); these cues may be proprioceptive, visual, tactile, auditory, or olfactory. They
may be used to update an observer's position relative to a starting point (a process known as
path integration; see below), or more generally to keep track of the distance and direction of
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self-generated movement. Secondly, external landmark cues may be used to provide directional
or positional information. Directional information may be generated using a number of sources:
(a) gradients of distributed cues that emanate from a source, such as magnetic fields, odours, or
sounds (Jacobs & Schenk, 2003). (b) distal landmarks (such as a mountain range), which may
act as compass points, since they do not change with small movements of the observer, and (c)
the geometry of a contiguous panorama (such as an experimental room) or objects in an array
(such as an arrangement of rocks); asymmetrical shapes or arrays provide directional
information, while symmetrical shapes can be spatially ambiguous (Benhamou & Poucet, 1998;
Jacobs & Schenk, 2003). In contrast to directional cues, positional landmarks are objects that
can provide information about the relative positions of objects, and the relative distances
between them, within an array. The type of information provided by any given landmark (i.e.
positional or directional) depends on the context; for example, a river in the distance may be a
directional landmark, but the same river may provide relative positional information when the
observer is close to its bank.
Jacobs and Schenk (2003) argue that the integration of these types of spatial
information is essential to navigation. That is, directional and positional information must both
be encoded in order to create a thorough mental representation of spatial relationships in the
environment, and self-generated movement cues must be integrated in order to update those
mental representations and choose appropriate actions, such as turning to face a particular
direction when a specific location is reached. However, this information may be integrated in
different ways, as described by models of spatial knowledge and navigation.
5.1.2 Types of spatial knowledge
The spatial knowledge that animals use to navigate may be organized into two main
types (although a number of different terms are used for these two types; see for example
Redish & Touretzky, 1997): (a) knowledge used for following familiar routes, which requires
learning ordered sequences of landmarks or locations, and the actions to be taken at each
landmark based on specific egocentric directional information (for example turn left at the large
rock) and (b) knowledge used for navigating in relatively novel environments or generating new
paths, which requires awareness of the global spatial layout of landmarks, whose positions are
defined in a reference system that does not depend on the location or orientation of the observer
(McNamara & Shelton, 2003). As described in the previous chapter, these types of knowledge
are associated with route-based and survey-based (or orientation-based) wayfinding strategies
respectively (see for example Lawton, 1994, 1996; Medin & Ross, 1997). Similarly, O'Keefe
and Nadel (1978) define two main navigation systems: (a) the locale system, which is
essentially a 'cognitive map' (Tolman, 1948), or mental representation of allocentric space used
to generate paths based on the Euclidian global spatial layout of the environment, and (b) the
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taxon systems, which underlie route-learning systems and directional behavioural orientations
in response to spatial cues. These systems seem to reflect a conceptual distinction between
'place' and 'response' learning common to most models of animal navigation. That is, the locale
(or survey-based) system is involved in allocentric place-learning used to navigate along novel
paths, while the taxon (or route-based) system is involved in egocentric directional response-
learning used to learn and recall routes through known environments. Note that the distinction
between allocentric and egocentric encoding is discussed in detail below.
Comparative models of navigation systems seem to be generally compatible with this
basic distinction in spatial knowledge. For example, Wang and Spelke (2002) review a model
based primarily on navigation systems in animals such as ants (see Shettleworth, 1998), and
argue that this model may apply to human navigation, since both species are central-place
foragers. Specifically, they propose that three systems underlie navigation, each of which
encodes different types of spatial information:
• Path integration is a process by which the spatial relationship between the observer and a
significant place in the environment, such as a starting or target point, is continually
updated. This relationship is computed using vectors specifying distance and direction
between the current position and the comparison point, which depends on the mental
regulation of self-generated movement cues (as described above). Specifically, ants seem to
rely on directional landmarks (such as the position of the sun, which provides compass
information) to measure the distance and direction of their movement; as a result, if a
homeward-bound ant is passively moved (in a closed and dark container) to a new location,
the displacement is not accounted for by their path integration system, and once released
they move on a path parallel to their original one (see Wang & Spelke, 2002; Wehner &
Menzel, 1990). This path integration system must rely on a locale rather than a taxon
navigation style, since a novel homeward-bound route is generated, and thus cannot rely on
proximal landmark cues to provide location or direction.
• View-dependent place recognition is proposed as a mechanism by which visual snapshots of
scenes are used to navigate from one location to another (Wang & Spelke, 2002). This
seems to be dependent upon taxon navigation systems (O'Keefe & Nadel, 1978), in which
behavioural responses are dependent upon knowledge of known paths. In navigation via
place recognition, relationships between local landmarks are used to recognise arrays from a
specific viewpoint. This is achieved using egocentric encoding, which is computationally
efficient when learning a path, but which results in a delay in recognition when orientation
changes, given that egocentric directional relationships such as left/right would need to be
updated.
• Reorientation is proposed as a system that is capable of restoring the mental representation
of space if the path integration system is disrupted; this is achieved by means of an
84
allocentric geometric description of the surface layout of environmental features (Wang and
Spelke, 2002). Evidence for this mechanism comes from studies using a number of species
including rats (see for example Cheng, 1986), which seem to ignore local landmark
information after disorientation, instead relying on the geometry of the testing enclosure.
This reorientation system seems analogous to the allocentric cognitive map proposed by
Tolman (1948), although Wang and Spelke (2002) argue that models of the locale system of
cognitive maps (Jacobs & Schenk, 2003; O'Keefe & Nadel, 1978; Redish & Touretzky,
1997) focus too heavily on the role of allocentric representations in navigation. (The reason
for this objection is not immediately clear, given that the egocentric taxon system is
proposed as a vital component of navigation, while cognitive maps are essentially a model
of a specific allocentric type of spatial representation. That is, the purpose of models of
cognitive maps is expressly to focus on allocentric components of navigation.)
Neurological and behavioural data suggest that route and survey knowledge may be
distinct (McNamara & Shelton, 2003), even though the underlying taxon and locale systems
seem to interact (Redish & Touretzky, 1997). As discussed in previous sections, navigational
and quasi-navigational studies show differential effects of manipulating room geometry and
proximal landmark arrangements (Sandstrom et al., 1998), and show sex difference in the use of
these strategies. Specifically, studies show a male advantage in orientation-based wayfinding
(Silverman et al., 1992), and a female preference for route-based strategies (Galea & Kimura,
1993). (Recall that, as discussed previously, these strategies are hypothesised to be differentially
related to hunting and gathering.) Hartley. Maguire, Spiers, and Burgess (2003) provide
evidence for a neural distinction between route-based and survey-based wayfinding (the latter of
which is referred to by the authors as simply 'wayfinding'), reporting that fMRI data show that
successful survey-based (locale) navigating engages the hippocampus, while route-based
(taxon) navigating engages the caudate nucleus. However, the role of the hippocampus in
survey-based wayfinding is not entirely clear (see Jacobs and Schenk, 2003). For example,
McNamara and Shelton (2003) argue that the hippocampus may be responsible for the flexible
application of past experiences involved in generating a cognitive map (in addition to other
memorial functions), rather than the generation of a purely spatial cognitive map per se.
Furthermore, Redish and Touretzky (1997) argue that for locale information to be useful, there
must be a neural mechanism for aligning it with taxon information (including sensory and
vestibular cues) in order to select appropriate egocentric actions; thus, the hippocampus may be
involved in some egocentric aspects of navigation. Nevertheless, while the role of the
hippocampus in processing purely spatial information is presently controversial, it seems likely
to be the locus of the neural distinction between route-based and survey-based navigation.
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5.1.3 Hierarchies in spatial memory
Models of the structure of spatial representations in spatial memory fall into two main
classes. Hierarchical models of spatial memory (see for example McNamara, 1986; McNamara,
Hardy, & Hirtle, 1989) propose that information about space is represented in nested levels of
detail, organized into regions according to physical properties and subjective evaluations. In
contrast, non-hierarchical models of spatial memory propose that spatial relationships are
represented holistically, and do not contain nested levels of detail (Thorndyke, 1981). Data
seem to support hierarchical models (see for example McNamara et al., 1989; Medin & Ross,
1997), suggesting that each spatial representation may have multiple global and local properties,
and may be represented at a number of superordinate and subordinate nodes on a hierarchical
tree (McNamara et al., 1989). For example, a hierarchical representation of the location of
Montreal may include knowledge that Montreal is in Canada, as well as the superordinate
knowledge that Canada is north of the United States. Such representations may account for
common spatial errors, such as the judgement that Seattle is south of Montreal; in this case, the
superordinate knowledge that Canada is north of the Unites States leads to the erroneous belief
that Montreal is north of Seattle (McNamara et al., 1989).
Spatial errors resulting from hierarchical knowledge suggest that judgements about the
locations (of Montreal and Seattle, in the example above) are not based simply on spatial
representations of geometric positions, but that they are also subject to superordinate non-spatial
knowledge (i.e. that Montreal is in Canada). More generally, McNamara et al. (1989) argue that
a psychological representation of the spatial relationship between two objects is dependent upon
their hierarchical arrangements in spatial memory. For example, the distance between two
objects is recalled as larger if the objects are in different subjective regions of hierarchy than if
the objects are in the same subjective region, when in fact the Euclidian distance between the
objects remains constant. That is, object categorization seems capable of affecting the geometric
properties of spatial representations. This may potentially have implications for navigation and
the formation of cognitive maps, particularly if a large amount of non-spatial information (such
as landmark identity) is used. For example, when using a route-based wayfinding strategy,
representations of the distance and egocentric direction between two landmarks may depend
more upon the identities of those landmarks, and their resulting hierarchical organization, than
upon their actual Euclidian separation. Indeed, it will be argued below that the spatial
representations underlying route-based strategies and taxon systems need to be generally less
concerned with the geometric properties of space than are the representations underlying
survey-based locale systems.
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5.2 Examining components of spatial cognition
The following section will be used to examine a number of distinctions in the ways in
which we can process spatial information. Analysis of these distinctions represents a method of
determining the computational skills underlying spatial cognition, which is an important
component of an adaptationist model (as discussed in the previous chapter). In particular, this
section will be concerned with the relationships between these computational distinctions in
spatial cognition and (a) sexual dimorphisms in ancestral selection pressures, and (b) cognitive
tests of the skills underlying the requisite real-world abilities.
5.2.1 Spatial reference frames
At its core, spatial cognition deals with the relationship between space and its observer.
As introduced in the previous chapter, this relationship can occur in one of two ways: objects,
distances and directions can be relative to the observer, or they can be independent of the
observer. These two types of relationship between space and its observer are known as
egocentric and allocentric frames of reference respectively (see for example Kolb & Whitshaw,
1996).
ß An egocentric frame of reference involves interpreting space in relation to one’s physical
position and orientation. Such descriptions of spatial relationships are typically observer-
centred and non-metric (such as left, right, above, and below). Egocentric relationships
change depending on viewpoint: if the position of the observer changes, then the egocentric
relationships between the observer and the environment change.
ß An allocentric frame of reference involves interpreting space independently of one’s
position, using information about the abstract spatial relationships between surrounding
objects. Allocentric descriptions of spatial relationships typically involve Euclidian
directions such as compass points, which exist independently of the orientation of the
observer. Such relationships are not determined by viewpoint (although there may be
processing costs of mentally manipulating them): the allocentric relationships between fixed
objects remain constant regardless of the observer’s position.
Much of the evidence for a behavioural and biological distinction between egocentric
and allocentric frames of reference comes from comparative studies using rats (for example
Isgor & Sengelaub, 1998; Williams, Barnett, & Meck, 1990; Vann & Aggleton, 2002). In such
studies, allocentric performance is generally measured using 'place-learning', which requires a
cognitive representation of the spatial relationships between extra-maze cues (de Bruin, Moita,
de Brabander, & Joosten, 2001). For example, radial-arm mazes and the Morris water maze may
be used as allocentric tasks if the Euclidian position of the target remains the same across trials,
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but the initial position of the rat changes between trials. By contrast, egocentric performance is
usually measured using 'response-learning', which requires following a route based on relatively
fixed motor movements such as turning left (de Bruin et al., 2001). For example, cross-mazes
may be used as an egocentric task if the initial position of the rat changes across trials, but the
position of the target also changes, maintaining the same egocentric relationship to the rat (for
example the if target is always to the left of the rat). Vann and Aggleton (2002) report that in
rats, lesions of a neural area involved in spatial memory (the retrospinal cortex) impair
allocentric but not egocentric performance, suggesting a neurological dissociation between
these components of spatial ability. Similarly, de Bruin et al. (2001) found that lesions of parts
of the hippocampal formation (the fimbria fornix) impair allocentric but not egocentric
performance, and that lesions of the medial prefrontal cortex impair egocentric but not
allocentric performance. These results offer neurological evidence for a distinction between
egocentric and allocentric methods of navigation, at least in rats.
While the data are not unequivocal, the consensus in the literature seems to be that there
are sex differences in spatial cognition in rats, and that these seem to be related to navigational
style and use of spatial reference frames (see for example Isgor & Sengelaub, 1998). Various
biological-proximal mechanisms are implicated in the development of this sex difference, such
as the hippocampus and early exposure to sex hormones (Isgor & Sengelaub, 1998; Kolb &
Cioe, 1996; Roof, 1993; Williams et al., 1990; Williams & Meck, 1991). Specifically, males
(and females that are exposed to male-typical neonatal hormonal environments) tend to show an
accuracy and acquisition-rate advantage on tasks that tax allocentric place-learning, such as
radial-arm mazes and the Morris water maze (for a review see Isgor & Sengelaub, 1998). Note
that this offers further support for Gaulin and Fitzgerald's (1989) evolutionary model of sex
differences in spatial ability, which predicts that in polygynous species such as rats and meadow
voles, males should show an advantage on tasks that measure skills used in navigation over a
comparatively large distance (i.e. allocentric orientation-based wayfinding). Furthermore, data
suggest that male rats use more allocentric navigational styles than do females, including the
use of room geometry rather than egocentric relationships between local landmarks (Williams et
al., 1990). Like the observed sex differences in performance accuracy and acquisition rate, this
sex difference in navigational style (as it relates to spatial reference frame) seems to be at least
partly dependent upon early exposure to sex hormones (Williams et al., 1990).
Research also suggests that allocentric and egocentric frames of reference may be
neurologically distinct in humans, although this is limited by ethical considerations such as the
inability to replicate the lesion studies performed on rats. This comes from evidence suggesting
that visuospatial egocentric and allocentric encoding may be performed in different cortical
areas, and that these may potentially be delineated as the 'dorsal' and 'ventral' visuospatial
streams (for a review see Dijkerman, Milner, & Carey, 1998; Goodale & Murphy, 2000; Milner
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& Goodale, 1995). According to Milner and Goodale (1995), these visual systems can be briefly
described as follows. Firstly, the dorsal (or 'how') system is hypothesised to be involved in
connecting the visual and motor systems, and provides online movement-related data about
egocentric representations, in which location is implicit. Secondly, the ventral (or 'what') system
is hypothesised to be involved in connecting vision to object recognition areas, using an
allocentric frame of reference that may be partially involved in coordinating motor output
(Dijkerman et al., 1998). Dijkerman et al. (1998) report neuropsychological evidence that
damage to the ventral stream impairs performance on a prehension (coordinated grasping) task
requiring allocentric encoding, and does not impair performance on a task requiring egocentric
encoding.
Note however that these data are relevant specifically to visuospatial processing, and
need not necessarily reflect the organization of spatial cognition in general. For example, a
visuospatial relationship between the perceiver and an object may be egocentric (i.e. viewer-
centred), but a mental representation of the spatial relationship between the observer and the
object may be allocentric or egocentric, depending on how that visual information is processed
by the spatial system. That is, a separation in the visual system does not necessarily imply a
separation in cognitive spatial systems, although this organization may potentially be a principle
of both systems (given that vision presumably evolved as a solution to the adaptive problem of
interacting with the world). One further caveat is that the organization and role of the dorsal and
ventral streams in visuospatial perception and action is not currently well understood
(Dijkerman et al., 1998), and additional research is required to determine the relationship
between these systems and components of spatial cognition. Note also that models of the role of
the hippocampus in creating cognitive maps (O'Keefe & Nadel, 1978) are generally concerned
with mental representations of allocentric space, and as such do not bear directly on possible
neurological distinctions between frames of spatial reference. That is, they do not specifically
propose a different neural area for other spatial systems that may be implicated in route-based
wayfinding, although an egocentric frame of reference is proposed in components of some
models (Redish & Touretzky, 1997).
Behavioural data suggest a clearer distinction between egocentric and allocentric frames
of reference in humans, showing that there is a sex difference in navigation ability, and in the
ability or tendency to use these frames of reference when navigating. For example, Moffat et al.
(1998) present evidence that there is a clear relationship between mental rotation performance
and the ability to navigate through a virtual maze, although their task does not discriminate
between egocentric and allocentric frames of reference (i.e. there were no proximal or distal
landmarks, and the geometry of the environment was not manipulated). Of more direct
relevance are data from Sandstrom et al. (1998), who manipulated the egocentric properties of
proximal landmarks and the allocentric properties of room geometry in a virtual water maze.
89
Results showed that females relied primarily on egocentric landmark information, while males
more readily used allocentric geometric information about the shape of the room, in addition to
landmark information. Note that this replicates the findings of quasi-navigational studies; for
example, Dabbs et al. (1998) investigated navigation strategy in a 2D map-learning task, and
found that males were more likely to use Euclidian  or allocentric descriptions of direction,
while females were more reliant on egocentric landmark information. Similarly (and as
discussed previously), Silverman et al. (2000) found a male advantage using a real-world
wayfinding task that required allocentric awareness of orientation (i.e. participants were led
along a circuitous route through a forest, and asked to identify the direction of the starting
point). Furthermore, performance on this task was highly correlated with mental rotation ability,
but not with general intelligence or non-rotational spatial tasks, which offers additional support
for the hypothesis that the mental rotation task taxes skills involved in allocentric orientation-
based wayfinding (as associated with hunting).
The relationship between wayfinding strategy and the frames of spatial reference
suggests that this construct may be related to hunting and gathering. Specifically (as introduced
in the previous chapter), an egocentric reference frame is most useful when using a route-based
wayfinding strategy, as is typical of gathering from known locations over relatively small
distances. For example, encoding the egocentric sequence of proximal landmarks (such as
distinctive buildings or trees) along a path allows one to efficiently learn and recall that path,
even while one’s position within a larger environment is relatively unknown. Conversely, an
allocentric reference frame is most useful when using an orientation-based wayfinding strategy,
as is typical of hunting over large distances, and navigating to a home base from within a
relatively unknown environment. For example, encoding the allocentric relationships between
distal invariant environmental features (such as mountains or rivers) provides a source of spatial
information that is independent of the observer’s orientation and position, and thus aids
navigation as would a map (Silverman et al., 2000). Thus, it is likely that spatial frames of
reference form an important component of the underlying distinction between evolved male-
typical and female-typical spatial abilities.
5.2.2 Types of spatial relationships
Spatial representations depend in part upon how we process the spatial relationships
between elements in the visual display, and Kosslyn (1987) argues that we can do this in two
main ways. For example, a spatial representation of a cup on a table may contain information
about the precise location of the cup on the table, which is useful in interacting with the cup (i.e.
physically reaching for it). Conversely, the spatial representation may contain information about
the basic relationship between the two objects (i.e. the cup is 'on', while the table is 'under'),
without specifying the precise location of the cup (Jager & Postma, 2003). Such a representation
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is sufficient when identifying scenes, or when using the cup as a relative positional landmark.
These two types of relationships are based on coordinate and categorical information
respectively. More generally:
• Coordinate representations encode the metric, precise qualities of spatial relationships, such
as how far objects x and y are separated, or the precise positions of x and y.
• Categorical representations encode general categories of basic spatial relationships between
objects or parts of objects (such as above/below or left/right), without defining the metric
qualities of those relationships.
Kosslyn (1987) argues that the computational efficiency of visuospatial processing is
maximised when these two systems are relatively distinct, given the difference in output
resulting from the two types of transformations (Kosslyn, Koenig, Barrett, & Cave, 1989). That
is, coordinate and categorical systems produce qualitatively different output given the same
visuospatial stimulus, and are thus likely to be the product of distinct neural circuits. (Note that
an analysis of computational efficiency is an important component of adaptationist logic, as
applied to evolutionary psychology; see for example Barkow et al., 1992.) Furthermore,
Kosslyn (1987) argues that a hemispheric difference in the processing of categorical and
coordinate information may be the neural substrate underlying the hypothesised distinction.
Specifically, the left hemisphere is typically dominant for language processing, which is
important in many aspects of category-formation (for a discussion of this see Kosslyn et al.,
1989). Conversely, the right hemisphere is typically dominant for some more purely geometric
spatial functions, as involved in survey-based navigation (see Kosslyn, 1987). Thus (in addition
to other neurological considerations, such as hemispheric differences in the properties of
receptive fields), Kossyln (1987) proposes that the right hemisphere is dominant in generating
coordinate representations, while the left hemisphere is dominant in generating categorical
representations.
Connectionist models seem to support the proposal that the two systems are
computationally efficient when distinct (see for example Kosslyn, Chabris, Marsolek, &
Koenig, 1992), and neuropsychological data generally support the hypothesis that a hemispheric
difference underlies this separation (Jager & Postma, 2003). Behavioural studies have tended to
use the visual half-field paradigm (for example Hellige & Cumberland, 2001; Roth & Hellige,
1998; Rybash & Hoyer, 1992; Wilkinson & Donnelly, 1999), and have generally found support
for a right-hemisphere advantage for coordinate processing and a left hemisphere advantage for
categorical processing, although a number of methodological factors (particularly display
features such as luminance and polarity) seem to introduce some inconsistency into the results
(for a review of these factors see Jager & Postma, 2003). Brain imaging studies (for example
Baciu, Koenig, Vernier, Bedoin, Rubin, & Segebarth, 1999; Kosslyn, Thompson, Gitelman, &
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Alpert, 1998; Trojano, Grossi, Linden, Formassino, Goebel, et al., 2002) have also supported
this hemispheric distinction, and suggest that parts of the right posterior parietal lobes may be
particularly involved in coordinate processing, although more research is needed (Jager &
Postma, 2003).
The relationship between categorical and coordinate spatial representations and the
spatial reference frames is open to a number of interpretations (see for example Jager & Postma,
2003), and it is not clear that one type of spatial relationship necessarily elicits one particular
reference frame. For example, if coordinate information is encoded allocentrically, this can lead
to a spatial representation that captures abstract geometric properties of the environment. This
can result in 'space constancy' (Carey, Dijkerman, & Milner, 1998; Silverman et al., 2000), with
metric conceptions of distances and angles between objects. Conversely, if coordinate
information is encoded egocentrically, then viewpoint-dependent representations of scene
geometry are created. Jager and Postma (2003) discuss possible relationships between the
egocentric/allocentric and the categorical/coordinate distinctions, and provide four possible
combinations, which result in distinct spatial representations: (a) categorical-egocentric (the
table is in front of your body), (b) categorical-allocentric (the table is to the left of the door), (c)
coordinate-egocentric (the table is 1m from your body), and (d) coordinate-allocentric (the table
is 1m south of the door). Thus, in analysing the relationship between types of spatial
relationships and navigation styles, it seems constructive to use an adaptationist approach by
discussing which combinations provide optimal solutions to the relevant adaptive problems
(given the constraints on optimal design, as discussed in Appendix A).
In a route-based navigation systems (as is typical of gathering), the relational layout of
proximal landmarks (i.e. their sequence along a route) is essential to learning a path, while their
geometric spatial properties and precise locations, though potentially useful, are not necessary.
By contrast, survey-based navigation systems (which are typical of hunting) require encoding
the Euclidian layout of distal landmarks, in order to provide directional and positional
information regardless of the navigator's knowledge of the proximal environment. Given these
computational considerations, the four possible combinations of spatial reference frame and
spatial relation type - and their relationship to hunting and gathering - are discussed as follows.
• Categorical-egocentric (eg. the fruit tree is on my left, and the yams are up ahead on the
right): It is proposed that this provides the most efficient spatial representation for the route-
based wayfinding strategy associated with gathering, as it allows viewpoint-dependent
scene recognition systems to guide navigation between known locations (Wang & Spelke,
2000), without burdening the spatial representations with superfluous geometric knowledge
of precise landmark positions. By contrast, this encoding style is not sufficient for large-
scale navigation through a proximally-unknown area (as is associated with hunting), since is
does not provide viewpoint-independent information about the overall layout of an
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environment. On a smaller scale, this strategy may be useful for encoding viewpoint-
dependent relationships between objects that are in close proximity. For example, a
categorical-egocentric representation of a bedroom upon opening the door may include a
bed to the left, with its head against the back wall, a closet against the right wall in the back
corner, and a desk straight ahead. In such a situation, this strategy seems more efficient for
recognition and recall than an encoding of the coordinate positions of the objects, a
viewpoint-independent conception of their spatial relationships, or the survey-based spatial
relationship between the bedroom and the rest of the house. This categorical-egocentric
representation is analogous to 'chunking' used in mnemonic devices: it allows the mental
creation of an egocentric route between the objects, which is likely to facilitate recall of
their identities and approximate positions, and is not burdened by knowledge of their
independent geometric positions. This strategy is hypothesised to underlie the observed
female advantage in certain object array tasks, as will be discussed in a following section.
• Categorical-allocentric (eg. the river is attached to the sea): This encoding strategy may
potentially be useful for both survey-based and route-based wayfinding, although it does not
seem to be of primary importance for either. For example, it may be useful for rapidly
generating basic survey-based cognitive maps used in hunting, which must then be
enhanced with coordinate information (see below). In this case, categorical-allocentric
encoding may form a non-essential preliminary component of survey-based cognitive maps.
Alternatively, it may occasionally be useful when gathering to have an allocentric
conception of the relationship between known landmarks, to facilitate the generation of new
routes (such as when a food source on a circuitous route is no longer viable). In this case,
categorical-allocentric encoding may form a non-essential strategy for route-based
wayfinding that requires additional computational demands associated with adopting an
allocentric frame of reference. Given the hypothesis that survey-based wayfinding is more
likely to require allocentric encoding in general (Silverman et al., 2000), and since
allocentric-categorical encoding requires additional and unnecessary computational
demands for gathering, it seems plausible that males are much more likely to use an
advanced allocentric-categorical frame of reference. However, very basic categorical-
allocentric encoding may be particularly useful for both sexes in more general non-
navigational spatial skills, such as object recognition of semirigid objects (see Kosslyn et
al., 1989). For example, animals maintain most of the non-directional categorical
relationships between body parts regardless of body position (i.e. the eyes are always inside
the face, and the hands are always attached to the arms), and a basic allocentric conception
of these relationships is likely to assist basic object recognition across viewpoints (although
coordinate encoding may be essential for recognising features of specific faces, such as the
metric distance between the eyes; see Kosslyn et al., 1989).
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• Coordinate-egocentric (the fox is 10m from me, and I need to throw a rock at an angle of
10° above horizontal in order to hit it): This encoding strategy is most clearly related to
guiding actions using visuospatial input. That is, coordinate-egocentric information allows
us to compute metric relationships between our bodies and objects in the environment (see
Jager & Postma, 2003), which is important in avoiding collisions, grasping objects, and
aiming projectiles. It is likely that many of the non-navigatory requirements of hunting
associated with computing the paths of projectiles and coordinating associated motor
movement (for example in throwing rocks or spears at moving targets) were selected for in
males, and it may thus be the case that males show an advantage in coordinate-egocentric
encoding, particularly as it relates to guiding actions and making egocentric geometric
judgments.
• Coordinate-allocentric (eg. the mountain range runs north-south, and the south end is 5km
west of camp): It is proposed that this provides the most efficient spatial representation for
the survey-based wayfinding style associated with hunting, as it allows the generation of
geometrically-accurate cognitive maps which facilitate navigation over large distances. That
is, an allocentric conception of the relationships between distal landmarks provides
viewpoint-invariant directional (compass) cues, and a coordinate conception of their
Euclidian geometric properties (i.e. distance and direction) allows accurate large-scale
navigation without the use of proximal landmark cues. By contrast, egocentric and
categorical relationships between landmarks are determined by the position of the observer
and require constant updating; this is computationally inefficient when following novel
paths that do not need to be recalled (as is typical of hunting and scavenging).
In summary, it has so far been proposed that (a) route-based wayfinding associated with
gathering benefits most from encoding categorical information about egocentric relationships
between the observer and proximal landmarks, and (b) survey-based wayfinding associated with
hunting benefits most from encoding coordinate information about allocentric relationships
between the observer and distal landmarks, although coordinate processing in general, not
simply coordinate-allocentric encoding, is likely to show a male advantage resulting from
targeting requirements. It is now necessary to describe basic predictions derived from these
hypotheses in relation to cognitive and perceptual tests of spatial skills, and to review existing
evidence that may relate to these predictions.
Firstly, the proposed female tendency toward categorical-egocentric encoding may
explain observed sex differences in quasi-navigational tasks, and performance on object array
tasks. For example, Dabbs et al. (1998) found that females are more likely than males to use
egocentric descriptions of spatial relationships, and less likely to use coordinate descriptions of
distance (although they did not express their findings using these terms). Similarly, the
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proposed egocentric-categorical encoding employed in gathering may help explain the observed
female advantage in some object array tasks (James & Kimura, 1997; Silverman & Eals, 1992),
and may be used to predict performance on particular variations. As discussed above, female-
typical categorical-egocentric encoding may be used to facilitate recall of the identities and
relative positions of groups of objects in a small spatial environment (such as a room or a
computer screen) by allowing spatial 'chunking'. Conversely, male-typical coordinate-
allocentric encoding may be used to encode Euclidian positions of those objects; this seems
relatively inefficient when encoding large numbers of objects, in comparison to the memorial
links provided by relational encoding. Thus, it seems likely that object array tasks that do not
require precise locational encoding (i.e. tasks that use place-holders, such as Concentration, or
tasks in which object positions do not change), and that use a large number of objects, will show
a female advantage. However, variations of array tasks that involve demands on coordinate
processing (such as precise locations) or allocentric encoding (such as the rotation of arrays in
real-world variations) should reduce, eliminate, or reverse the female advantage, depending on
the relative demands of categorical, coordinate, egocentric, and allocentric processing.
Secondly, the proposed male tendency toward coordinate-allocentric encoding (and
coordinate processing in general, as associated with the navigatory and spatiomotor
requirements of hunting) may help explain observed sex differences in survey-based wayfinding
performance, targeting, mental rotation, and spatial perception tasks (such as the rod-and-frame
task; Voyer et al., 1995). Generally, these tasks require encoding the geometric properties of
stimuli rather than their basic relational properties, and some (such as mental rotation) require
encoding representations that are not dependent upon viewpoint. For example, survey-based
wayfinding, which shows a male advantage (Silverman et al., 2000), requires the formation of a
cognitive map that allows the generation of novel paths based on fixed distal landmarks; in this
case, coordinate-allocentric conceptions of distance and direction are essential. That is, in
generating novel paths and direct vectors home (which show a male advantage, as tested by
Silverman et al., 2000), it is not enough to know that the rocky hill is closer to home base than
the lake: it is necessary to know that the lake is approximately 5km north-east of the rocky hill
and approximately 7km due north of home. Note that the unit of measurement is of course not
important, but an internal conception of distance is.
Similarly, mental rotation, particularly of 3D objects (Shepard & Metzler, 1970), is
most efficiently performed when based on spatial representations whose fundamental
relationships do not change across viewpoints. Of course, the act of mental rotation generally
has orientation costs: the larger the angle of rotation, the longer it takes (see for example
Shepard & Metzler, 1970). However, if spatial representations need to be continually updated
with changing viewpoints, this is comparatively inefficient, and more likely to result in errors.
Consider the following figure:
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Figure 3. Figures used in a mental rotation task. The first two are the same object, shown at two
different orientations, and the third object is a mirror image. The objects may be described as
having a central body and two arms; in the left-most object, the central body is the column of
vertical blocks. Examples of potential mental representations of the figures are given in the text.
Egocentric representations are by definition viewer-centred rather than object-centred,
and need to be updated as the object or viewer changes position. In the above figure, an
egocentric-categorical representation (which is hypothesised to be female-typical) of the first
object may encode the two arms as (1) in front of the body and near the top, pointing left, and
(2) on the bottom and pointing right. However, in the second object, which is the same as the
first, but rotated clockwise, the same arms may be described as (1) on top of the body and
pointing right, and (2) at the back, pointing left. Thus, in order to recognise the first and second
objects as the same (and in order to discriminate them from the third object), directional
descriptions of egocentric-categorical representations must be continually updated in
intermediate steps between the orientations provided (i.e. by tracking the egocentric-categorical
relationships between the observer and the parts of the object as they change with small
rotations), and are thus not ideal for mental rotation. Similar problems exist for egocentric-
coordinate representations, in which direction can only be represented in egocentric, and hence
viewpoint-dependent, terms.
In comparison, the basic spatial relationships in allocentric representations are generally
not changed by rotation of an object, since they are by definition object-centred. However,
while allocentric representations remain constant across viewpoints, this does not imply that
they are viewpoint-independent in terms of cognitive processing costs. Instead, it is argued that
there must be processing costs involved in mentally rotating such a representation (just as there
are in manually rotating physical objects) which are qualitatively smaller than those associated
with egocentric encoding, because the fundamental spatial relationships in these representations
do not change. In the above figure, an allocentric-coordinate representation (which is
hypothesised to be male-typical) of the first object may encode the two arms as on either end of
the body, one consisting of two blocks, and the other consisting of three; the arms are
perpendicular to the long axis of the body, and they run in parallel planes separated by a width
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of one block. The arm with three blocks is constructed at an angle of 90° anti-clockwise from
the plane shared by the body and the short arm; this distinguishes the first object from the third
object, in which the long arm is constructed using a 90° clockwise rotation. (Note that although
it is necessary to use convoluted language when describing coordinate-allocentric encoding, this
does not suggest that these or any other linguistic labels are used; rather, this is believed to be a
relatively purely spatial process.)
In addition to survey-based wayfinding and mental rotation tasks, it is hypothesised that
the observed male advantage in spatial perception tasks (such as the rod-and-frame task) is a
function of coordinate encoding. As well as requiring the filtering out of distracting information
(in this case the tilted frame; this is known as field independence), the rod-and-frame task
requires a metric conception of vertical, or of the distance between each end of the rod and the
opposing corners of the frame. These are, according to Kosslyn's (1987, Kosslyn et al., 1989)
definitions, coordinate properties of the environment, and categorical representations cannot be
used to make these types of judgements accurately. It is of course recognised that females must
also be capable of encoding coordinate relationships, and indeed must be good at egocentric-
coordinate encoding in particular, in order to accurately guide motor actions. However, given
the hypothesis that strong evolutionary pressures selected for coordinate encoding as required
by hunting (in both long range survey-based navigation and targeting), it is proposed that males
are much more likely to excel in this spatial ability. As a result, it is hypothesised more
generally that tasks which require geometric accuracy, and thus necessitate coordinate
encoding, are likely to favour males.
5.2.3 Separable processes in object location memory
As discussed in the previous chapter, Postma and colleagues (Kessels et al., 2002;
Postma & de Haan, 1996; Postma et al., 1998; Postma et al., 2000) argue that object location
memory can be divided into two distinct processes – positional encoding and object location
binding (also known as object-to-position assignment, here labelled OTPA) – which are
integrated with object identity information to form spatial representations of object location.
(Note that this integrative process is generally considered a third separable component; Kessels
et al, 2002.) Evidence for a dissociation between these processes comes from a number of
sources (some of which were discussed in the previous chapter), including neurological data
showing that lesions to the left hemisphere impair OTPA, while lesions to the right hemisphere
impair positional encoding. Such results also support the proposal that the separable processes
of object location memory are related to Kosslyn’s (1987) coordinate/categorical distinction
(Kessels et al., 2002; Postma et al., 1998). Specifically, positional encoding seems to rely on the
processing of coordinate information, since only coordinate encoding can provide precise
locational information. (Indeed, positional encoding seems to equate to coordinate processing.)
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Conversely, object-to-position-assignment may be facilitated by processing categorical
information (for example object x is to the left of object y), since it does not rely on an accurate
conception of geometric location, but rather a concept of relational position (Kessels et al.,
2002).
While object location memory in general may involve the integration of both
components (i.e. both positional encoding and OTPA), the extent to which they are taxed
depends on the individual task (Postma et al., 1998). That is, tasks in which geometric location
is of primary importance tax positional encoding, while tasks in which the precise location of an
object is not important tax primarily OTPA (see Kessels et al., 2002; Postma & De Haan, 1996;
Postma et al., 1998; Postma et al., 2000). It is argued as follows that hunting and gathering fall
into these categories respectively.
Hunting specifically requires positional (coordinate) encoding in two main tasks.
Firstly, when making coordinate-egocentric judgements to guide actions such as throwing a
spear, it is necessary to encode precise positional information; in this case, relational positional
information (as afforded by OTPA) is not sufficient. The positional encoding required by this
task seems much greater than that necessary to guide normal interactions with objects, such as
grasping. Secondly, when using an allocentric survey-based wayfinding strategy, it is necessary
to know the precise locations and distances between distal landmarks (for example to compute a
vector showing the direct path home), but the demands on OTPA are very low, given the
relatively small number of landmarks required (compared to a route-based strategy used for
gathering; see below). For example, encoding the allocentric coordinate positions of a
mountain, a river, and a valley does not heavily tax OTPA (since it only involves three
identities), but this provides enough information to generate novel paths between any points in
that environment. Since the spatial requirements of hunting focus on Euclidian location rather
than identity of landmarks, it is hypothesised that males should show an advantage on tasks
measuring positional encoding.
Conversely, the primary focus of gathering seems to be on relational OTPA, not precise
positional encoding. That is, when encoding and recalling a path, an object’s identity and
relative position is crucial to its utility as an egocentric landmark, while knowing its geometric
or survey-based location is not required. For example, when using a red rock as an egocentric
cue to navigate along a path, it is useful to know that it is on the left, just past the creek. Given
that learning each route may require the use of many more proximal landmarks and food
locations than would be used in a survey-based wayfinding method, and that gatherers may
need to recall a number of routes, it is hypothesised that the demands placed on OTPA in
gathering (in terms of the number of objects required to encode and store in spatial memory)
have selected for a female advantage in this ability. As a result, tasks that tax spatial memory
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for object-to-position assignment by involving a large number of objects are expected to show a
female advantage.
In summary, it is hypothesised that males should show an advantage in accurate
positional encoding (which is essentially coordinate processing), while females are expected to
show an advantage in OTPA when using large numbers of objects. This hypothesis seems to
explain the observed data (as discussed in the previous chapter), and may be used to predict
performance on further variations of tasks measuring aspects of object location memory. For
example, object array tasks that use a large number of objects (for example the 27 distinct
objects used by Silverman & Eals, 1992) that occupy the same set of geometric positions across
the study and test phases (as in location exchange; Silverman & Eals, 1992), or that use place-
holders that mark geometric position (as in the Concentration task used by McBurney et al.,
1997), should show a robust female advantage. In comparison, tasks that use a small number of
objects (for example the 10 objects used by Postma et al., 1998), or that require precise
locational encoding (such as location shift; James & Kimura, 1997) are expected to show either
no female advantage or at least a reduced female advantage, depending on the relative demands
on positional encoding and OTPA.
5.2.4 Summary of the proposed model
In summary, the central thesis of the proposed model (which is essentially an extension
of the hunter-gatherer model proposed by Silverman & Eals, 1992) is that sex differences in
spatial abilities have been shaped by differences in the computational spatial demands of
hunting and gathering. When a particular foraging style results in necessary costs to cognitive
processing (such as biological, developmental, survival, and nutritional demands), it is likely
that sexual selection will have resulted in reduced expression of that trait in the sex to which it
is not necessary. For example, gathering ability was an important selection pressure for females,
but it requires the development of specific spatial abilities not required (at least to an equal
extent) by males; this development may be nutritionally costly, and may in fact interfere with
the cognitive development of the spatial abilities required by males. As a result, biological
mechanisms (such as expression of that trait only in response to sufficient levels of prenatal
estrogens) are likely to have evolved to limit the expression of those traits in males, but which
facilitate their expression in females.
More specifically, it is hypothesised that hunting requires an orientation-based
wayfinding strategy, which in turn necessitates skill in encoding both allocentric and coordinate
representations of positions, which focus on the abstract, geometric features of environments.
This essentially results in two male advantages: allocentric encoding in general (of both
coordinate and categorical information), and coordinate encoding in general (using both
egocentric and allocentric frames of reference). In contrast, it is hypothesised that gathering
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requires a route-based wayfinding strategy, which necessitates skill in encoding egocentric-
categorical representations of a large number of objects, with a focus on the relational and
directional, but not metric positional properties of space, and in particular object-to-position
assignment. While both sexes require the ability to process categorical, coordinate, egocentric,
allocentric, positional, and object-location-binding information (for example in object
recognition and guiding movement), it is proposed that male-typical hunting requires enhanced
allocentric and coordinate processing, while female-typical gathering requires enhanced
egocentric-categorical and OTPA processing.
Since this model is evolutionary, it is associated with a number of potential proximal
(i.e. socio-cultural and biological-proximal) causal factors. That is, the hypothesised cognitive
adaptations must be controlled by biological-proximal mechanisms (particularly hormonal
exposure and neural organization, as discussed previously), are likely to be expressed only in a
limited range of environmental circumstances such as exposure to certain types of spatial
problems, and are likely to have shaped and been shaped by socio-cultural preferences for
gender-specific spatial behaviours. This model can potentially provide a comprehensive
functional framework for all of the data presented previously, subject of course to its acceptance
or rejection on the basis of accumulative evidence.
The exact nature of this proposed sex difference clearly requires empirical
investigation, although it is possible to generate hypotheses. Specifically, it may be the case that
the sexes differ in maximal ability to use one strategy over others (i.e. a sex difference in
capacity), in their ability to perceive and process particular types of spatial information (i.e. a
sex difference in sensitivity or threshold), or in their attention to particular types of information
when undirected (i.e. a sex difference in biased attention). Evolutionarily, it seems likely that
perceptual systems are tuned to structure types of information in a way that is conducive to
further cognitive processing, and as such it may be the case that all three types of sex
differences are operating. However, the hypothesised male-typical spatial strategy seems to rely
on more perceptual processing than does the hypothesised female-typical spatial strategy,
particularly in terms of geometric visual and vestibular information. That is, processing
categorical and relational information seems intrinsically higher-order (i.e. more 'cognitive' than
'perceptual'; Kosslyn et al., 1989), and may not require the functional organization of lower-
order neural systems. As such, it seems likely that that the female advantage is limited to
attentional bias and capacity, while the male advantage may also be in sensitivity to coordinate
geometric information.
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5.3 An empirical approach to testing the proposed model
The primary aim of this thesis is to examine possible sex differences in sensitivity, bias,
and capacity to use different types of spatial information. That is, the aim is to analyse whether
there are sex differences in processing spatial information that underlie the observed sex
differences in navigation strategy and ability. Additionally, the aim is to develop group tests that
show large and robust sex differences, in order to assist the process of producing standardised
measures of specific spatial skills. Logistically, this is most readily achieved using controlled
spatial environments such as computer presentations, rather than real-world spatial tasks, which
may be solved using any number of strategies and sources of information. While programming
and technical restrictions precluded the use of virtual navigation environments (in which such
confounds can be more readily controlled), previous research clearly shows a sex difference in
navigation style that is entirely concordant with the proposed model (see previous discussions;
for example Sandstrom et al., 1998), and replications of these results do not seem essential. In
addition, this type of testing precludes the use of group testing, and cannot readily be used to
assess sex differences in sensitivity. Instead, the experimental focus of this thesis is expressly on
developing controlled and increasingly lower-level tasks that specifically target the skills
underlying the proposed sex differences in the formation of spatial representations.
While some evolutionary studies of sex differences in spatial abilities have made use of
within-subject designs (for example McBurney et al., 1997, required each subject to complete
the Concentration task and the MRT), this thesis will make extensive use of this method, using
relatively comprehensive batteries of tasks. This offers statistical and conceptual advantages, as
it allows the comparison of sex differences on different tasks, without cause for concern about
possible sampling effects. In order to limit possible sampling effects for each within-subjects
study, and to increase statistical power, large sample sizes will be used. (Note that many other
evolutionary studies reporting clear results have also used large sample sizes, for example
Silverman & Eals, 1992.)
The empirical approach used in this thesis should maximise as much as possible the
conceptual and statistical validity of the studies. Furthermore, it is hoped that it should provide
an example of the utility of evolutionary theory in generating testable hypotheses, and in doing
so contribute to an existing evolutionary model of sex differences in spatial cognition




Experiment A will attempt to differentiate between male and female performance on
spatial tasks using tests that are similar to those employed by Shepard and Metzler (MRT;
1970), Silverman and Eals (object array tasks; 1992), and McBurney et al. (the 'Memory' or
'Concentration' task; 1997). This study will make use of a within-subjects design, which affords
statistical and conceptual advantages over previous studies, which used only one or two of these
tasks (for example Silverman & Eals, 1992; McBurney, 1997). Specifically, while previous
studies found differential patterns of sexual dimorphisms across these tasks, it is useful to rule
out sampling effects as causes of the observed patterns of results. The above tasks are chosen
because they seem to represent the most robust sex differences in both directions reported in the
literature, and because they vary in the extent to which they rely upon frame of reference
(egocentric or allocentric), type of spatial information (categorical or coordinate), and process
involved in object location memory (positional encoding or object-to-position assignment). This
approach should provide an important first step in testing the expanded hunter-gatherer model
presented in the previous chapter.
6.1.1 Mental rotation task
As discussed in Chapter 1, mental rotation (MR) is generally considered to be the
spatial task that shows the largest and most robust sex difference favouring males (Voyer et al.,
1995). Some authors (for example Saucier et al., 2002) have argued that this may be a result of
sexually dimorphic spatial experiences resulting from socio-cultural sex roles (for example
playing with spatially-oriented toys), although data seem to offer only limited support for this
model (Saucier et al., 2002). That is, while there are sex differences in spatial experience, this
can only partially account for the observed sex difference in mental rotation (Saucier et al.,
2002; Voyer et al., 2000), and training does not remove the sex difference (Baenninger &
Newcombe, 1989). Biological-proximal studies have shown a relationship between hormonal
exposure and mental rotation ability (Berenbaum et al., 1995; Hausmann et al., 2000; Kimura,
1999; Phillips & Silverman, 1997; Silverman & Phillips, 1993), as well as sex differences in the
organization and activation of cortical areas used to complete mental rotation (Sigel-Hinson &
McKeever, 2002).
Evolutionary models have proposed that the male advantage in mental rotation is due to
adaptations shaped by the spatial demands of hunting (and scavenging, at earlier stages of
hominid evolution), that allow spatial representations to maintain space constancy (Silverman et
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al., 2000). Support for this model comes from research showing a male advantage in spatial
tasks associated with hunting, particularly survey-based wayfinding and targeting (for example
Silverman et al., 2000; Watson & Kimura, 1991), and a strong relationship between survey-
based wayfinding and mental rotation (Moffat et al., 1998; Silverman et al., 2000). (Note again
that this evolutionary model is compatible with, and provides a functional framework for, the
above socio-cultural and biological-proximal evidence.) The interpretation presented in the
previous chapter is that mental rotation is most effectively completed when the relevant spatial
representations are encoded using the types of spatial information that are associated with
hunting, but not gathering. That is, the hypothesized male-typical allocentric-coordinate and
allocentric-categorical encoding allows relatively rapid and accurate mental rotation, because in
such representations the spatial relationships between parts of the object do not change across
viewpoint. By contrast, the hypothesized female-typical egocentric-categorical encoding
produces spatial representations whose directional relationships are entirely dependent upon
viewpoint, and need to be updated as mental rotation proceeds. It is thus hypothesized that
males should show a large advantage, although cumulative evidence will be required to show
that effective MR depends upon allocentric-coordinate and/or allocentric-categorical encoding.
The MR studies presented in this thesis are designed in part to add to this body of evidence, and
to discriminate more clearly between the use of different types of spatial information in
performing MR.
In addition to the above theoretical considerations, mental rotation is a useful task for
two main practical reasons. Firstly, if results are similar to previous studies, it will provide a
reliable measure of a large sex difference, and thus enable comparisons between the magnitude
of sex differences in other tasks. If no male advantage is found in mental rotation, this would
likely represent a methodological flaw (unless of course it is repeatable). Secondly, it will allow
the analysis of sex differences in strategy used to complete other spatial tasks. That is, because
MR has been studied so extensively, it can be regarded as a relatively robust and reliable
measure of geometric spatial ability. Thus, tasks that correlate strongly with mental rotation
may be seen as possibly reflecting similar underlying spatial skills, while tasks that do not
correlate may instead be measuring another set of non-geometric spatial skills.
The mental rotation task used in the current experiment is a version of Shepard and
Metzler's (1971) simultaneous-presentation same-different paradigm, rather than Vandenberg
and Kuse's (1978) multiple-choice paradigm. The simultaneous-presentation paradigm not only
allows reaction time to be measured, it also allows more controlled manipulation of stimulus
variables (as will be important in Experiments B and C). For example, in a multiple-choice
paradigm, it is not possible to measure the time taken to mentally rotate an object into a specific
position. In contrast, if only two stimuli are used on each trial, it is possible to manipulate the
103
angular distance between the stimuli, and thus to measure the time taken to mentally rotate
objects over a given distance.
6.1.2 Object array tasks
As discussed previously, evolutionary models of sex differences in spatial ability
(Silverman & Eals, 1992) have predicted a female advantage in cognitive tasks that tax the
spatial skills used in gathering, which requires a route-based wayfinding strategy and the ability
to recall relational positions and identities of a large number of objects, even when buried in a
complex array. This hypothesis is unique to evolutionary accounts, and is not readily accounted
for using socio-cultural models of spatial experience. Support for this model comes from two
main sources. Firstly, navigational and quasi-navigational studies have reported a female
advantage in the tendency to use proximal landmarks rather than geometric properties of the
environment (for example Sandstrom et al., 1998), and a female advantage in memory for
landmarks that is not accounted for by a general advantage in visual-item memory (Galea &
Kimura, 1993). Secondly, studies using object array tasks (see section 1.1.4.3) have reported a
female advantage in memory for the relational positions of objects (for example Silverman &
Eals, 1992), that is not accounted for simply by object memory (Silverman & Eals, 1992) or
object familiarity (Eals & Silverman, 1994). It is thus unlikely that non-spatial language-based
or identity-reliant processing accounts entirely for the female advantage in object-to-position
assignment. However, the female advantage is not evident when using versions of object array
tasks that require encoding the geometric positions of objects (James & Kimura, 1997), or when
using few objects (Postma et al., 1998).
The interpretation of these results presented in the previous chapter is that the female
advantage is in object-to-position assignment, using an egocentric-categorical spatial
representation that allows relational object location memory for a large number of objects. The
hypothesized male advantage in coordinate processing thus counterbalances the female
advantage in tasks in which accurate positional encoding is required, and is not sufficiently
handicapped when encoding small numbers of objects. That is, in an object array task, as the
density of objects increases (which on a computer screen is a necessary consequence of
increasing the number of objects), the computational efficiency of a coordinate strategy (i.e. one
that focuses on positional encoding) decreases, and the relative efficiency of a categorical
object-to-position assignment strategy (i.e. one that allows spatial 'chunking') increases.
In light of these interpretations, the current experiment will use three variations on the
object array task, designed to vary in their dependence on object-to-position assignment,
positional encoding, and object identity memory. Each will be a computerised version of the
basic pencil-and-paper test devised by Silverman & Eals (1992), which involves presenting a
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study array of objects for 1 minute, followed by the presentation of a test array in which half the
objects have changed in some way. The following types of changes will be used:
• Location exchange, in which half the objects swap positions. This manipulation seems to
involve object-to-position assignment, since all the locations remain the same (i.e. the
objects themselves act as 'placeholders'), but the identity of the object in some positions will
have changed. This interpretation is supported by previous research, which has found a
robust and reliable female advantage on this task (Eals & Silverman, 1994; James &
Kimura, 1997; Silverman & Eals, 1992). It is thus hypothesised that this result will be
replicated, and that this variation will show the largest female advantage.
• Location shift, in which half the objects move to previously unoccupied locations. This
manipulation may be solved using male-typical positional encoding, since noticing a change
requires knowing only the positions, not the object identities. However, the categorical
relationships between the objects also change, and this task may also involve object-to-
position assignment of the objects that stay the same. Thus, while James & Kimura (1997)
report no sex difference on this task, it is hypothesized more generally that the female
advantage previously evident on location exchange should be reduced or disappear.
• Identity exchange, in which half the objects are replaced by new ones. This manipulation
also seems to involve object-to-position assignment, since all the locations remain the same,
but it focuses specifically on object identity, since there can be no confound between the
new object’s identity and a previous location. That is, the object’s identity, not its location,
is all that is required to notice the change, unlike the first condition, when an object’s
location assignment was required, in addition to its identity. This variation is essentially
designed to control for a potential female advantage in simple memory for object identities:
if the female advantage on this task is smaller than the advantage on location exchange,
then this suggests that object-to-position assignment, not simply identity memory, is
underlying the female advantage. Silverman & Eals (1992) report a female advantage on a
similar task, and it is thus hypothesised that while a female advantage is likely, albeit
potentially minimised by attempting to control for the familiarity, nameability, and gender-
relevance of each of the objects (Kimura, 1999), any female advantage will be smaller than
that observed in the location-exchange condition.
6.1.3 Concentration
McBurney et al. (1997) report a large female performance advantage on the common
card game 'Memory' (also known as 'Concentration'; see section 1.1.4.3), arguing that it taxes
spatial skills involved in gathering, in particular memory for the relative locations of a large
number of stationary objects that may be embedded in a complex array of similar stimuli. The
current interpretation based on the previous chapter is that these tasks involve object-to-position
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assignment, using egocentric-categorical spatial representations. The face-down cards act as
stationary place-holders, so accurate positional encoding is not required. Thus, sufficiently
difficult versions of this task are likely to show a large and robust female advantage.
As above, it is argued that the number of objects used in OTPA tasks is critical, since
recalling the location of a previously viewed card can potentially be performed using
categorical information (by comparing relative positions of cards), or by using coordinate
information (by encoding metric positions of cards), or both. However, as the number of cards,
or spatial positions and identities, increases, coordinate information becomes increasingly
unwieldy, and encoding categorical relationships between groups of objects (i.e. ‘chunking’)
becomes more efficient. For example, when only four cards are used, it is equally efficient to
remember the exact locations (positional encoding) or the relative locations (object-to-position
assignment) of the objects. If 100 cards are used, it is more efficient to encode categorical
information about groups of objects, and the relative locations of objects within those groups,
than it is to remember the precise coordinate locations of 100 objects.
McBurney et al. (1997) used 33 pairs of cards (66 objects in total), and found a female
advantage. However, programming considerations, particularly concerns about the size of the
objects on small computer monitors, resulted in the need to reduce the number of pairs. (Note
that the experimental manipulation of the number of cards is addressed in Experiment B.) Given
these constraints, 20 pairs of objects were used, and it is hypothesized that this is likely to
reduce the female advantage reported by McBurney et al. (1997). Note that the Concentration
task is likely to require more objects to produce a female advantage than the Location Exchange
task, which used 28 objects in the current experiment, since only a portion of the objects (i.e.
only those that have been visited) need to be stored in memory at any one time. Thus, this task
serves two main purposes in the current study: (a) to provide a unique within-subjects
comparison between sex differences on the MRT, object array, and Concentration tasks (i.e. to
rule out sampling effects as causes of previously reported differential patterns of sexual
dimorphisms), and (b) to begin to assess the importance of task difficulty in eliciting a large
female advantage in OTPA.
It may be useful to note that in contrast to most tasks used in this thesis, it is anticipated
that many subjects will have had experience with the Concentration task. However, it seems
unlikely that there are reliable sex differences in the amount of previous experience, and no
participants would have had experience in using the custom-designed computerised version
used here. Thus, it is anticipated that experience should not have any systematic effect on sex




Participants were 211 undergraduate psychology students (153 females and 58 males)
undertaking a first-year psychology course at the University of Wollongong. Ages ranged from
18 to 60, with a median of 19. All participants completed all five tasks, and all had normal or
corrected-to-normal vision.
6.2.2 Procedure
Participants were administered a series of 5 tasks, presented in random order. Within
each task type, trials (and conditions, where applicable) were presented in random order. These
tasks were Mental Rotation, Object Array (with three conditions: Location Exchange, Identity
Exchange, Location Shift), and Concentration. Each task began with an instruction screen,
which briefly described the nature of the task, detailed the response method, and directed the
participants to complete the task as accurately and as quickly as possible. Tasks were
programmed in Visual Basic, and run on computers using the Windows 98 operating system.
All were presented on a 15-inch computer screen with a 600x800 resolution. Participants
responded via the keyboard for the Mental Rotation task, and via the mouse for the other tasks.
Subjects were tested in groups of approximately 15, in a quiet supervised room.
6.2.2.1 Mental Rotation
Stimuli. Two different objects were used, both of which were rendered at 4 different
orientations: 0˚, 90˚, 180˚, and 270˚. The stimuli used were similar to the wire-frame block
shapes used by Shepard and Metzler (1970). Each consisted of nine blocks: a four-block stem,
with two arms at either end; one arm had two blocks, and the other one had three. The two
objects were mirror images of one another. Objects were constructed using StrataVision 3D
version 4.0.
Figure 4. Figures used in the mental rotation task. The first two are the same object, shown at
two different orientations, and the third object is a mirror image.
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Task. This task involved a forced-choice procedure in which participants were asked to decide if
two simultaneously-presented 3D shapes represented the same object, regardless of orientation.
The task consisted of 40 randomly-ordered trials, half of which were ‘same’, and half of which
were ‘different’. ‘Same’ trials showed one object at any two orientations (for example, object 1
at 90˚ and the same object at 270˚), while ‘different’ trials showed two different objects at any
two orientations (for example, object 1 at 180˚ and object 2 at 0˚). Participants were required to
record their decision by pressing the ‘S’ key for ‘same’ or the ‘D’ key for ‘different’. After each
trial, participants received feedback on their performance. Accuracy and reaction time were
recorded, and accuracy was presented as a percentage (as will be the case for all MR tasks used
in this thesis).
6.2.2.2 Object Array Tasks
The object array sequence consisted of three conditions: Location Exchange, Identity
Exchange, and Location Shift, presented in random order. These followed similar procedures,
so they will be discussed together.
Stimuli. Stimuli were 126 pictures selected from a set of 260 coloured and shaded images
commissioned by Bruno Rossion (Brown University and University of Louvain, Belgium) and
Gilles Pourtois (Tilburg University, The Netherlands), available online at
www.cog.brown.edu/~tarr/. These images were based on a set of common objects by Snodgrass
and Vanderwart (1980), which were standardised, with norms for name agreement, familiarity,
and visual complexity. Each condition in the object array sequence used a unique and random
selection of these objects (as did the Concentration task described below).
Task. Each study phase involved studying an array of 28 randomly positioned objects for 1
minute, with direction at the bottom of the screen to try to remember the objects and their
positions. The subsequent response phase involved circling any objects which had changed (by
pressing the left mouse button), and crossing any objects which had not changed (by pressing
the right mouse button). These changes in the response phase occurred in three different ways,
according to the condition:
1. Location Exchange: 14 of the 28 objects swapped position.
2. Identity Exchange: 14 of the 28 objects were replaced by new objects.
3. Location Shift: 14 of the 28 objects moved to a previously unoccupied location.
Number of correct decisions (out of a possible 28) and reaction time were recorded.
6.2.2.3 Concentration
Stimuli. This was essentially a computerised version of the card game ‘Concentration’, also
known as ‘Memory’. It consisted of 20 matching pairs of ‘cards’, face down, and spread
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randomly across the computer screen. The hidden face of each card bore an object from the
object set discussed above. The cards could be selected (virtually ‘turned over’) by clicking on
them; up to two cards could be selected at any time. If the two selected cards were matching,
they disappeared from the screen. Otherwise, they returned to the face down position after a 1-
second delay.
Task. Participants were directed to find all the pairs of cards in as few moves as possible, by
remembering the locations of previously viewed objects. The number of moves (where one
‘move’ represented two cards being selected) was recorded as a measure of accuracy, and
reaction time was recorded.
6.3 Results
6.3.1 Exploratory data analysis
Reaction time and accuracy were recorded for all subjects. Exploratory data analysis
was performed on all data, and outliers (mean scores for an individual subject which were
greater than 2.5 standard deviations from the mean of that sex) were removed. In addition,
scores were removed if it was clearly the case that subjects did not complete the task properly,
for example by misreading instructions, such as circling 'same' rather than 'different' objects in
the object array tasks. In all cases these data points were also outliers. Note that effect sizes are
calculated by dividing the difference in the means by the pooled standard deviation estimate
(Howell, 1997). Means and standard deviations for males and females are summarized below.
Table 1. Means and standards deviations for males and females on all tasks. 'SC' represents
'Score' (% accuracy), and 'RT' represents 'Reaction Time' (ms).
Females Males
N Mean StDev N Mean StDev
MRT SC 152 77.681 10.681 57 84.386 11.002
MRT RT 150 21382.693 9169.810 54 18513.944 6976.104
Loc Ex SC 145 22.607 2.956 56 21.304 3.505
Loc Ex RT 144 7828.069 2342.423 53 7613.415 2398.204
Id Ex SC 146 25.534 2.533 54 24.704 2.447
Id Ex RT 145 6130.414 1949.733 52 5970.980 1780.250
Loc Sh SC 147 21.633 3.203 53 20.679 2.840
Loc Sh RT 147 8250.422 2572.307 57 8357.351 2993.097
Conc SC 144 48.535 6.896 57 50.561 8.563
Conc RT 148 18298.270 4226.497 57 19667.333 6165.143
Key for abbreviations: Loc Ex = Location Exchange; Id Ex = Identity Exchange; Loc Sh =




Independent-samples t-tests were performed to investigate the relationship between sex
and MRT performance. As hypothesised, males showed a significant advantage in accuracy (t207
= 4.009, p < 0.001), with an effect size of 0.73. There was also a male advantage in reaction
time (t202 = 2.09, p < 0.05), with an effect size of 0.36.
6.3.2.2 Object Array
Separate independent-samples t-tests were performed to compare the sexes on each
object array task, since all three tasks are qualitatively distinct (i.e. they involve different spatial
abilities, as well as different numbers of locations and objects). There were no significant sex
differences in reaction times on these tasks, so sex differences in accuracy are discussed as
follows.
• Location exchange showed the largest female advantage (t199 = 2.657, p < 0.01) of the three
conditions, with an effect size of 0.50. This is in support of the hypotheses, and corroborates
the findings of earlier studies, such as Silverman and Eals (1992).
• Identity exchange also showed a female advantage (t198 = 2.077, p < 0.05), with an effect
size of 0.37.
• Location shift also showed a marginally significant female advantage (t198 = 1.912, p <
0.10), with an effect size of 0.34. This is in some contrast to the findings of James and
Kimura (1997), who report no significant sex difference on this task, and no trend favouring
females. However, the lack of a significant female advantage at the .05 level is in support of
the current hypotheses.
Thus, while all three tasks showed at least trends toward a female advantage, analysis of
the effect sizes shows that the female advantage was largest in the location exchange condition.
This is in support of the hypotheses, although the marginally significant trend toward a female
advantage on the location shift condition was larger than expected.
6.3.2.3 Concentration
Independent-samples t-tests were performed comparing males and females on reaction
time and number of moves on the Concentration task. In contrast to the results of McBurney et
al. (1997), the female advantage in the concentration task was only marginally significant. That
is, there was a marginal female advantage in number of moves (t199 = 1.749, p < .1, effect size =
0.34) and reaction time (t203 = 1.815, p < .1, effect size = 0.38). This seems to be in support of
the hypothesis that a robust female advantage on this task requires a large number of cards (as a
110
result of the relative demands on object-to-position assignment), although confirmation of this
interpretation will require the experimental manipulation of task difficulty (as performed in
Experiment B).
6.3.3 Correlations and factor analyses
In order to examine the relationship between the tasks, correlational and principal
component analyses were performed on the accuracy scores for the overall data, and separately
for each sex. Note that score on the concentration task (number of moves) is inversely
proportional to accuracy, so lower scores reflect increased performance; by contrast, higher
scores on the other tasks reflect increased accuracy. Thus, negative correlations and factor
loadings with Concentration reflect positive accuracy correlations.
6.3.3.1 Overall data
The overall data revealed that mental rotation did not significantly correlate with any of
the other tasks, while the object array tasks correlated significantly with one another, and with
the concentration task. These correlations are summarised below:
Table 2. Correlations between accuracy scores on all tasks for the overall data. Pearson
correlation coefficients are shown, and significant correlations are marked with an asterisk: *
indicates p < .05, ** indicates p < .001.
MRT Loc. Ex. Id. Ex. Loc. Sh. Conc.
MRT 1 .060 .089 .036 -.126
Loc. Ex. .060 1 .359** .285** -.208**
Id. Ex. .089 .359** 1 .288** -.174*
Loc. Sh. .036 .285** .288** 1 -.255**
Conc. -.126 -.208** -.174* -.255** 1
These correlations suggest that the tasks may be grouped into two types: mental rotation
and object location memory (the object array and Concentration tasks). In order to further
examine the relationships between the tasks, a factor analysis was performed. This principal
component analysis with Varimax rotation produced two factors. Factor 1 accounted for 33.26%
of the variance, and Factor 2 accounted for 20.99% of the variance. The results of the Varimax
rotation are summarised below. (Note that the un-rotated matrix produced similar factor
loadings.)
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Table 3. Factor loadings for all data, using Varimax rotation. High factor loadings are in bold
type, and moderate factor loadings are italicised.
Task Factor 1 Factor 2
Mental Rotation .005 .951
Location Exchange .702 .004
Identity Exchange .673 .010
Location Shift .687 .005
Concentration -.492 -.362
Echoing the results of the correlation analysis, this factor analysis suggests that the
tasks may be divided into two basic types, and that the MRT is measuring spatial abilities that
are distinct from those measured by the other tasks. Specifically, these factor loadings are
interpreted as showing that Factor 1 represents egocentric-categorical object location memory,
while Factor 2 represents allocentric mental rotation. Concentration, which may involve both
skills depending on the difficulty level, loads moderately on both factors.
6.3.3.2 Males
Accuracy data for males showed that mental rotation forms a relatively distinct task
(which only correlated significantly with the Concentration task), while the other tasks
generally correlated with one another. These are summarised in the following table.
Table 4. Correlations between accuracy scores on all tasks for males. Pearson correlation
coefficients are shown, and significant correlations are marked with an asterisk: * indicates p <
.05, ** indicates p < .001.
MRT Loc. Ex. Id. Ex. Loc. Sh. Conc.
MRT 1 .014 .222 -.059 -.316*
Loc. Ex. .014 1 .417** .577** -.239
Id. Ex. .222 .417** 1 .276 -.123
Loc. Sh. -.059 .577** .276 1 -.337*
Conc. -.316* -.239 -.123 -.337* 1
The results of a factor analysis (with Varimax rotation) for males show a similar pattern
to the overall data: two factors that seem to reflect different types of spatial skills. Factor 1
accounted for 37.95% of the variance, and Factor 2 accounted for 25.45% of the variance.
Table 5. Factor loadings for males, using Varimax rotation. High factor loadings are in bold
type, and moderate factor loadings are italicised.
Task Factor 1 Factor 2
Mental Rotation -.001 .899
Location Exchange .830 -.203
Identity Exchange .577 .164
Location Shift .795 -.247
Concentration -.524 -.550
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This result suggests that these spatial tasks tap into two types of spatial abilities in
males. Again, Factor 1 is interpreted as representing the tasks involving egocentric-categorical
object location memory (i.e. the object array tasks), while Factor 2 is interpreted as representing
the more allocentric task (i.e. mental rotation). Concentration (at the low difficulty level used in
this experiment) is thus seen as not discriminating clearly between these frames of spatial
reference. One caveat in interpreting these results is that the factor analysis for males involved a
relatively small number of subjects.
6.3.3.3 Females
Analysis of correlations for females showed that most tasks correlated significantly
with one another, with the exception of mental rotation. These are summarised as follows.
Table 6. Correlations between accuracy scores on all tasks for females. Pearson correlation
coefficients are shown, and significant correlations are marked with an asterisk: * indicates p <
.05, ** indicates p < .001.
MRT Loc. Ex. Id. Ex. Loc. Sh. Conc.
MRT 1 .162 .105 .117 -.092
Loc. Ex. .162 1 .310** .151 (p < .1) -.155 (p < .1)
Id. Ex. .105 .310** 1 .275** -.182*
Loc. Sh. .117 .151 (p < .1) .275** 1 -.201*
Conc. -.092 -.155 (p < .1) -.182* -.201* 1
Interestingly, the factor analysis for females revealed only one factor, which accounted
for 32.42% of the variance. This is summarised below.








These results tentatively suggest that while males may have used two distinct groups of
spatial abilities to complete the different tasks, females may have used one group of abilities for
all tasks. This is discussed in the following section.
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6.4 Discussion
The hypotheses were generally supported: there was a male advantage in mental
rotation, and the strongest female advantage was in the Location Exchange condition of the
object array task. Results are discussed for each task, followed by a discussion of the
relationships between the tasks.
6.4.1 The individual tasks
6.4.1.1 Mental rotation
As hypothesised, results showed a male advantage in accuracy (d = .73), which is
moderately large, and within the range commonly reported for three-dimensional mental
rotation tasks (Voyer et al., 1995). There was also a moderate male advantage in reaction time
(d = .36). These results are interpreted as potentially reflecting a male advantage not simply in
overall mental rotation performance, but in generating spatial representations that have the
property of space constancy (i.e. by using allocentric encoding). However, the aim of the
current basic task was to use MRT as a control (i.e. a robustly male-typical task that can be
compared to the object array and Concentration tasks), and the current results provide support
for this interpretation only in comparing MRT performance with performance on the other tasks
(see below). As a result, it is necessary to generate variations on the MRT that attempt to
specifically assess the effects of encoding style; this will be addressed in Experiments B and C.
6.4.1.2 Object array
Results generally supported the hypotheses:
• Location exchange showed the largest female advantage (d = 0.50). This is in support of
the hypotheses, and corroborates the findings of earlier studies, such as Silverman and Eals
(1992). This is considered here to reflect a moderately large female advantage in object-to-
position assignment.
• Identity exchange also showed a female advantage (d = 0.37), which was, as predicted,
smaller than the female advantage on location exchange. This is in support of the
hypotheses, and is considered here to reflect a female advantage in object identity memory,
as well as object-to-position assignment.
• Location shift showed a marginally significant trend toward a female advantage (d = 0.34).
This is in contrast to the findings of James and Kimura (1997), who report no significant
sex difference on this task, and no trend favouring females. This finding of marginal
significance is thus somewhat surprising, although a trend favouring females is concordant
with the hypotheses presented above. That is, location shift involves object-to-position
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assignment (which is hypothesised to be the primary factor underlying the female advantage
in location exchange), particularly in identifying which objects have remained the same.
The results for the object array tasks are generally in support of the hypotheses,
although the female advantage in location shift was larger then expected. However, since the
female advantage in location shift did not reach significance at the .05 level, further research is
required to determine the validity and reliability of this result, and this will be undertaken in
Experiment B. Given the trend toward a female advantage on all three tasks, it may potentially
be the case that they did not discriminate clearly enough between object identity, OTPA, and
positional encoding. That is, if, as hypothesised, females show an advantage only in object to
position assignment, it is necessary to use tasks that clearly differentiate between these
computational demands. Given that scores were generally high, it seems possible that the tasks
did not differentiate because they were not sufficiently difficult, and future testing may involve
arrays that include more objects, and allow less room for positional errors in the location shift
task. That is, increasing the demands on object-to-position assignment is likely to increase the
female advantage on the location exchange task, and increasing the demands of accurate
positional encoding is likely to remove the trend toward a female advantage on the location shift
task. Further research (see Experiment B) will be required to examine the relationships between
OTPA and positional encoding in determining the size and direction of sex differences on the
different object array tasks.
6.4.1.3 Concentration
In contrast to the results of McBurney et al. (1997), the female advantage in the
concentration task was only marginally significant. That is, there was a female advantage at the
0.1 level in number of moves (d = 0.34) and reaction time (d = 0.38), but this did not reach
significance at the .05 level. This result may initially seem to be in contrast to the hypothesis
that object-to-position assignment underlies the female advantage in some object array tasks,
and that this skill is heavily taxed in the Concentration task. However, the reduced task
difficulty compared to the version used by McBurney et al. (1997) may indeed have allowed a
hypothesised male-typical coordinate positional encoding strategy to perform only marginally
less well than a hypothesised female-typical categorical OTPA strategy. This seems to be in
support of the hypothesis that a robust female advantage on this task requires a large number of
cards (as a result of the relative demands on object-to-position assignment), although
experimental manipulation of task difficulty (as performed in Experiment B) will be required to
confirm this explanation.
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6.4.2 Comparisons between the tasks
Interestingly, principal component and correlational analyses revealed sexually
dimorphic patterns of relationships between the tasks. For males (and for the overall data set),
there were two distinct types of tasks: (a) mental rotation, which involves allocentric-encoding,
and (b) the object array tasks, which primarily involve object-to-position assignment.
Concentration, which may have been solved using either type of spatial representation (at least
with the relatively small number of objects used), was related to both task types. For females,
however, the tasks did not form two clear groups or factors. Instead, while males may have used
two distinct spatial strategies (a relatively efficient allocentric-coordinate strategy and a
relatively inefficient egocentric-categorical strategy), females may have used only one strategy
for all tasks: an egocentric-categorical strategy that excels at OTPA, but that faces performance
costs when performing mental rotation, due to spatial representations that do not have space
constancy. Given the basic non-navigational requirements of allocentric and coordinate
encoding, it is likely that females can and do use basic allocentric and coordinate systems.
However, it may speculatively be the case that these have limited computational power in
females, in comparison to the hypothesised sex-specific spatial strategies (i.e. egocentric-
categorical systems in females, or allocentric-coordinate systems in males). As a result, the
allocentric and coordinate systems in females may be supplemented by egocentric-categorical
representations when performing difficult tasks that ideally require enhanced allocentric and/or
coordinate processing, such as mental rotation.
6.4.3 Future research
At this point, the current interpretation clearly requires further investigation and
empirical evidence, particularly since the factor analysis contained a bare minimum of tasks on
the 'allocentric-coordinate' factor (i.e. the single mental rotation task), and a relatively small
number of subjects when examining males. Furthermore, the correlations between the tasks
were in most cases relatively modest, suggesting that multiple factors may be affecting
performance on all the tasks, or that each of the tasks may be performed in a number of ways. In
order to restrict this array of possibilities, the following experiments will in part be designed to
limit the range of strategies that can be used to complete each task. This will be useful in
assessing the likelihood of the above explanation for the obtained results, thus further refining
the proposed model.
Furthermore, the conclusion that the results support the current model rests upon the
assumption that the tests are valid measures of the relevant components of spatial cognition.
Since these tasks (with the exception of the MRT) are relatively new and rarely used, further
experimentation and refinement is clearly necessary to ensure their construct validity. This is
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most clearly the case with the Concentration task, which has been studied to the author's
knowledge only by McBurney et al. (1997), and in the current study. If it is the case that these
tasks actually measure the skills they are hypothesised to measure, then manipulating their
computational demands (for example by manipulating difficulty level) should reliably affect the




There are two principal aims of Experiment B: (a) to determine which of the spatial
tasks used in Experiment A show the most robust and reliable sex differences, and (b) to
continue to investigate the construct validity of these tasks by manipulating their computational
demands, with predictions being made about the effects these manipulations should have on
encoding style (and the associated sex differences). For example, increasing the difficulty of the
tasks should increase the advantage afforded to using the optimal spatial strategy, and further
impair the use of sub-optimal strategies. If the sex difference in spatial ability involves bias
toward and capacity to use one spatial strategy over others, then increasing the demands on the
sex-specific spatial strategies should enhance the size of the observed sex difference. If such
predictions are borne out, then this offers some support for the construct validity of these tasks.
Thus, the current experiment will use essentially the same tasks as used in Experiment A, but
will specifically examine the effects of task difficulty.
7.1.1 Mental rotation
The results of Experiment A showed a large male advantage in mental rotation (as
predicted), and analysis of the correlations with the other tasks suggests that MR measures a
spatial skill that is distinct from the skills used in the Location Exchange task, at least for males.
However, it is necessary to attempt to confirm that a sex difference in encoding strategy is
underlying the observed sex difference in mental rotation. This will be achieved in the
following experiment by measuring the cost of angular distance, which should only impair
categorical-egocentric encoding (as opposed to allocentric encoding) over rotations that are
sufficient to require updating the spatial representation. Consider the following figures:
Figure 5. Objects used in the mental rotation task, displayed at various angular distances.
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The first two objects in the above figure are separated in angular distance by 30°, and
they maintain the same directional categorical-egocentric relationships. For example, the long
arm is to the left of the body, and the short arm is pointing to the right. However, the first and
third objects are separated by a rotation of 120°, and do not share the same categorical-
egocentric directional relationships. In this case, the long arm is on the right of the body, and the
short arm is pointing upwards. While the specific angular distance at which each direction
categorical relationship varies, an analysis of the stimuli used in the current experiment revealed
that changes tend to occur over rotations of approximately 60° to 90°. Thus, females are
hypothesized to encode spatial representations that have the property of space constancy that is
limited to a range of viewpoints before updating is required. In comparison, allocentric
encoding is likely to result in a negative linear relationship between performance and angular
distance, rather than a sharp decrease in performance over 60° to 90°. Thus, if the sex difference
emerges only over such angular distances, this would offer support for the hypothesis that the
sex difference is at least partly due to encoding style.
It is not necessarily predicted that the size of the sex difference should increase once
this cut-off is reached, since categorical differences at 90° are not inherently any more difficult
to process than those at 150°. For example, processing left-right changes is not more
computationally demanding than processing above-below changes. Similarly, there is a
quantitative but not qualitative difference between processing male-typical allocentric-
coordinate representations at large versus small angular distances. Thus, both sexes are
hypothesised to show a linear cost of angular distance (although females may only show this
after 60° to 90°). However, it may be the case that more of the object parts have categorically
different spatial relationships at larger angular distances, thus increasing the computational
demands for females. Thus, it seems plausible that the cost of angular distance may be
marginally greater for females than for males.
7.1.2 Object array tasks
This experiment will utilise the same three conditions used in Experiment A, but task
difficulty will be increased by using 36 instead of 28 objects. Note that the scores on these tasks
in Experiment A were relatively high, with an average score of 80% accuracy on the Location
Exchange task. Thus, it is unlikely that the maximal capacities of the relevant spatial systems
were reached, so increasing the task difficulty will be used to more clearly distinguish between
the computational demands of the tasks, and thus to differentiate between efficient and
inefficient strategies.
In the case of the Location Exchange condition, increasing the number of objects should
increase the computational and memorial demands on OTPA, and more clearly favour the
hypothesised female-typical egocentric-categorical encoding style. Recall that this strategy is
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considered efficient in encoding and recalling relative (but not absolute) positions of a large
number of objects, since it affords memorial devices such as 'chunking'. That is, relational
positions of objects may be grouped into categorical spatial relationships; for example, knowing
that 'the hat is above the cow, and left of the bicycle' allows one to efficiently recall the relative
positions of three objects. In comparison, the hypothesised male-typical coordinate spatial style
requires encoding the metric positions of individual objects; in the above example, the hat, cow,
and bicycle have separate and distinct positions. This is inefficient when encoding a large
number of objects, particularly when positional encoding per se is not required, as in the
Location Exchange task, so increasing the number of objects in this task should increase the
discrepancy between these encoding styles, and thus increase the female advantage.
In comparison, increasing the number of objects used in the Location Shift condition
should increase the demands on positional encoding, since the objects must become smaller and
more closely packed – a necessary consequence of using a relatively small computer monitor.
Thus, in order to complete the task it is necessary to make relatively accurate coordinate
positional judgements (which is hypothesized to be male-typical), in addition to recalling object
identities and performing OTPA. While this increased positional encoding should not affect the
Location Exchange condition, since the objects act as place-holders, it should remove the
marginally significant female advantage in Location Shift found above.
7.1.3 Concentration
The Concentration task used in the current experiment will involve the manipulation of
task difficulty by varying the number of objects. This will allow the interpretation of the
computational demands of this task presented earlier to be tested. Specifically, this
interpretation rested upon three hypotheses: (a) this task primarily involves object-to-position
assignment, (b) females have a functionally-organized enhanced capacity for processing and
recalling egocentric-categorical information about the relative positions of objects, which is
more efficient than the male-typical coordinate positional encoding when dealing with a large
number of objects, and (c) the discrepancy between male-typical and female-typical
performance on this task should increase with the number of objects used, as long as accurate
positional encoding is not heavily taxed.
The current version of this task will use three conditions, which vary in the number of
pairs of cards used. In Experiment A, 20 pairs of cards were used, and a marginally significant
trend toward a female advantage was found; in contrast, McBurney et al. (1997) used 33 pairs
of cards, and found a large female advantage. The current version will thus use 25, 30, and 35
pairs in three separate trials (performed within-subjects, but counterbalanced), in order to cover
this discrepancy in difficulty level. However, McBurney et al. (1997) used a physical version of
the task (i.e. one using real cards), in which the number of cards and positional encoding
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demands are independent, since their size and proximity remain constant. As is the case with the
object array tasks, the use of a computerised version (which is logistically and conceptually
highly preferable for group testing using a within-subjects design) incurs a relationship between
these factors, since a limited number of cards can fit on screen, and this can only be increased
by reducing their size and increasing their proximity. Pilot testing suggested that there is indeed
a pay-off, but that 35 pairs could be contained on screen without sustaining heavy positional
encoding costs. It is thus hypothesized that the female advantage should increase with the
number of cards used, although it is also hypothesized that the female advantage will not reach
the magnitude of that reported by McBurney et al. (1997), given the discrepancy in positional
encoding demands between the computerized and real-world versions of the task.
7.2 Methods
7.2.1 Participants
Participants were 308 undergraduate psychology students (227 females and 81 males)
undertaking a first-year psychology course at the University of Wollongong. Ages ranged from
17 to 49, with a median of 19. All participants completed all tasks, and all had normal or
corrected-to-normal vision.
7.2.2 Procedure
Participants were administered a series of 3 task types (mental rotation, object array,
and concentration), presented in random order. Within each task type, trials (and conditions,
where applicable) were randomised. These tasks were Mental Rotation, Object Array (with
three conditions performed in random order: Location Exchange, Identity Exchange, and
Location Shift), and Concentration (with three difficulty levels performed in random order: 25
pairs, 30 pairs, and 35 pairs of cards). Participants were tested in groups of approximately 30
people, in a quiet supervised room. Each task began with an instruction screen which briefly
described the nature of the task, detailed the response method, and directed the participants to
complete the task as accurately and as quickly as possible. Tasks were programmed in Visual
Basic, and run on computers using the Windows 98 operating system. As in Experiment A, all
tasks were presented on a 15-inch computer screen with a 600x800 resolution. Participants
responded via the keyboard for the Mental Rotation task, and via the mouse for the other tasks.
7.2.2.1 Mental Rotation
Stimuli. Stimuli used were identical to those of Experiment A, except they were rendered in 30°
increments: 0°, 30°, 60°, 90°, 120°, 150°, 180°, 210°, 240°, 270°, 300°, and 330°. This resulted
in objects on 'same' trials being presented between 0° and 180° from one another, since angular
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distances over 180° are reciprocal. Objects were constructed using StrataVision 3D version 4.0.
Refer to Experiment A for examples of stimuli.
Task. Again, this task involved a forced-choice procedure in which participants were asked to
decide if two simultaneously-presented 3D shapes represented the same object, regardless of
orientation. Trial order was randomised, and each angular distance was represented an equal
number of times in both 'same' and 'different' trials. The task consisted of 156 trials, half of
which were ‘same’, and half of which were ‘different’. ‘Same’ trials showed one object at any
two orientations (for example, object 1 at 90˚ and the same object at 270˚, resulting in an
angular distance of 180°), while ‘different’ trials showed two different objects at any two
orientations (for example, object 1 at 180˚ and object 2 at 0˚). Note that on 'different' trials,
angular distance is not a meaningful construct because the objects cannot be brought into
congruence through angular rotation. Each angular distance was represented 12 times on 'same'
trials and 12 times on 'different' trials, except 180, which was represented only 6 times on each
trial type. As in Experiment A, participants were required to record their decision by pressing
the ‘S’ key for ‘same’ or the ‘D’ key for ‘different’. After each trial, participants received
feedback on their performance. Accuracy (percentage correct) and reaction time (ms) were
recorded as measures of performance.
7.2.2.2 Object Array Tasks
As in Experiment A, the object array sequence consisted of three conditions: Location
Exchange, Identity Exchange, and Location Shift, presented in random order. These followed
similar procedures, so they will be discussed together.
Stimuli. Stimuli were 235 pictures selected from a set of 260 coloured and shaded images of
common objects – the objects used in Experiment A were selected from the same set of images;
see section 6.2.2.2 for details. Each condition in the object array sequence used a unique and
random selection of these objects.
Task. Each study phase involved studying an array of 36 randomly positioned objects for 1
minute. A direction at the bottom of the screen instructed participants to try to remember the
objects and their positions. As in Experiment A, the subsequent test phase involved circling any
objects which had changed (by pressing the left mouse button), and crossing any objects which
had not changed (by pressing the right mouse button). These changes in the test phase occurred
in three different ways, according to the condition:
1. Location Exchange: 18 of the 36 objects swapped position.
2. Identity Exchange: 18 of the 36 objects were replaced by new objects.
3. Location Shift: 18 of the 36 objects moved to a previously unoccupied location.
Number of correct decisions (out of a possible 36) and reaction time were recorded.
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7.2.2.3 Concentration
This task involved three conditions, presented in random order: a 25-pair trial, a 30-pair
trial, and a 35-pair trial. Since these varied only in the number of cards in each condition, they
are discussed together as follows.
Stimuli. The hidden face of each card bore an object from a set of 180 images similar to those
used in the object array task (also available online at www.cog.brown.edu/~tarr/). Objects were
used only if they were not clearly of differential relevance to males and females (i.e. items such
as a girl's dress were removed), and if they were not pictures of the same object as any of those
used in the object array task.
Task. As in Experiment A, participants were directed to find all the pairs of cards in as few
moves as possible, by remembering the locations of previously viewed objects. Accuracy (i.e.
number of moves, where one ‘move’ represented two cards being selected) and reaction time
(ms) were recorded as measures of performance.
7.3 Results
7.3.1 Exploratory data analysis
As in Experiment A, reaction time and accuracy were recorded for all subjects.
Unfortunately, machine error resulted in some data files not containing all data; analysis by IT
support showed that this was a bug in the Windows 98 operating system that affected the
output, but not the generation of data. Thus, while 308 people participated in the study,
complete data files were produced for only 211 participants: 171 females and 42 males. This is
presumed not to have affected the outcome of the study in a systematic way. Efforts were made
to ensure that no further machine errors occurred in following experiments.
Exploratory data analysis was performed on all remaining data, and outliers (averaged
scores for a subject which were greater than 2.5 standard deviations from the mean of that sex)
were removed. In addition, scores were removed if it was clearly the case that a participant did
not complete the task properly, for example by misreading instructions or purposefully
completing the task as quickly as possible due to time constraints. In the mental rotation task,
data were removed if subjects showed 10 or more impossibly low reaction times (i.e. if they
held down a response key continuously; the program was written to flag these cases). 11
participants' data were removed according to this criterion. In the object array tasks, all possible
categories of accuracy were recorded: correctly identifying a change, incorrectly identifying a
change, correctly identifying when an object stayed the same, and incorrectly identifying an
object as staying the same. This allowed the identification of responding that involved simply
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circling or crossing all objects; only one person's scores were removed according to this
criterion. Means and standard deviations for males and females are summarized below.
Table 8. Means and standards deviations for males and females on all tasks. 'SC' represents
'Score', and 'RT' represents 'Reaction Time'.
Females Males
N Mean StDev N Mean StDev
MRT All SC 160 78.229 12.248 40 84.364 10.534
MRT All RT 160 3.823 1.229 39 3.250 0.886
MRT 0 SC 144 98.305 3.389 40 98.750 3.014
MRT 30 SC 149 94.661 7.622 38 96.870 5.746
MRT 60 SC 160 86.484 15.060 40 90.947 10.529
MRT 90 SC 160 81.689 16.832 39 87.626 14.064
MRT 120 SC 160 76.221 18.135 36 85.080 14.320
MRT 150 SC 160 71.843 18.265 34 79.955 16.780
MRT 180 SC 160 68.896 23.145 31 78.925 14.231
MRT 0 RT 153 2.061 0.605 39 1.793 0.549
MRT 30 RT 156 2.754 0.772 37 2.228 0.586
MRT 60 RT 154 3.100 0.897 39 2.661 0.700
MRT 90 RT 156 3.456 1.002 40 2.969 0.862
MRT 120 RT 152 4.022 1.212 39 3.295 1.053
MRT 150 RT 157 4.242 1.500 38 3.647 1.093
MRT 180 RT 157 4.621 1.792 36 3.959 1.456
Loc Ex SC 144 27.361 4.154 34 24.971 3.605
Loc Ex RT 164 80.457 23.423 37 87.243 26.600
Id Ex SC 148 28.791 3.963 38 27.684 5.633
Id Ex RT 170 78.035 25.547 41 77.317 32.377
Loc Sh SC 141 26.766 3.577 39 25.718 4.740
Loc Sh RT 167 82.593 31.444 41 88.390 48.279
Conc25 SC 149 64.839 9.016 38 67.842 11.231
Conc25 RT 159 204.233 41.093 41 216.854 67.169
Conc30 SC 151 84.947 12.340 40 90.050 18.201
Conc30 RT 161 244.820 47.116 41 253.805 70.257
Conc35 SC 138 103.065 16.100 41 110.195 28.548
Conc35 RT 168 295.958 69.830 41 294.171 88.046
Key for abbreviations: Loc Ex = Location Exchange; Id Ex = Identity Exchange; Loc Sh =
Location Shift; Conc = Concentration
7.3.2 Individual tasks
7.3.2.1 Mental rotation
An independent-samples t-test was performed to investigate the relationship between
sex and overall MRT performance (i.e. with scores collapsed across angular distance). In
support of the hypothesis, and in corroboration of the results of Experiment A, males showed a
significant advantage in accuracy (t198 = 2.91, p < .005), with an effect size of 0.56, which is
slightly smaller than the effect size obtained in Experiment A, but which is still within the range
reported by Voyer et al. (1995). Additionally, there was a male advantage in reaction time (t197 =
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2.743, p < .01), with an effect size of 0.48. Again, this suggests that the male advantage in
mental rotation may potentially be a result of encoding style. In order to address this more
carefully, the accuracy and reaction time costs of angular distance were measured.
7.3.2.1.1 Cost of angular distance
In order to examine possible sex differences in rotation speed and cost of angular
distance, a repeated-measures ANOVA was performed comparing sex and angular distance
between the two objects on 'same' trials (i.e. 0°, 30°, 60°, 90°, 120°, 150°, and 180°) for both
reaction time and accuracy data.
7.3.2.1.1.1 Accuracy
Accuracy data are graphed as follows:
Figure 6. Accuracy data for the MRT, showing the sexually dimorphic effects of angular
distance.
A repeated-measures ANOVA on the accuracy data produced a significant effect of
angular distance (F(6, 966) = 49.938, p < .001), a significant effect of sex (F(1, 161) = 11.909, p
= .001), and a marginally significant interaction between angular distance and sex (F(6, 966) =
1.962, p = .068). These suggest that accuracy decreased with angular distance, that males
showed an overall advantage in accuracy, and that the size of the male advantage showed a
marginally significant trend toward increasing with angular distance. This interaction showed
marginal significance levels when identified as a quadratic function (F(1, 161) = 3.115, p =
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.079), which is interpreted by examining the simple effects of sex and angular distance using
independent-samples t-tests, summarised below.
Table 9. Sex differences in mental rotation accuracy across angular distance. Significant results
are marked with an asterisk: * indicates p < .05, ** indicates p < .001. All mean differences are
in favour of males.
Angle Mean difference (%) t df p Effect size
0° 0.444 0.751 182 .453 0.14
30° 2.210 1.669 185 .097 0.32
60° 4.463 1.768 198 .079 0.33
90° 5.940 2.035 197 .043* 0.39
120° 8.859 2.743 194 .007** 0.54
150° 8.110 2.384 192 .018* 0.49
180° 10.03 2.326 189 .021* 0.47
These results show that the significant male advantage in accuracy emerged marginally
after 30°, and significantly only after 90° (as measured by significance levels of .1 and .05
respectively, and as reflected by effect sizes and mean differences). This seems to reflect the
marginally significant quadratic interaction reported above, and offers support for the
hypotheses. One caveat is that the accuracy data show a ceiling effect for the 0° and 30°
conditions, which may have influenced the observed marginal quadratic interaction. However,
the reaction time data below show that there was not a ceiling effect in speed (i.e. that males
were significantly faster than females at these orientations), suggesting that the lack of an
accuracy difference at 0° and 30° was not simply due to the task being too easy.
7.3.2.1.1.2 Reaction time
Reaction time data are graphed as follows:
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Figure 7. Reaction time data for the MRT, showing the sexually dimorphic effects of angular
distance.
A repeated-measures ANOVA performed on the reaction time data produced a
significant main effect of angular distance (F(6, 1044) = 122.66, p < .001), and a significant
main effect of sex (F(1, 174) = 12.99, p < .001). These reflect an increase in reaction time with
angular distance, and an overall male reaction time advantage. In addition, there was a
marginally significant interaction between angular distance and sex (F(6, 1044) = 1.836, p =
0.089). In order to analyse this interaction, simple effects of sex and angular distance were
examined, using independent t-tests to compare males and females at each angular distance.
Results suggest that while the mean difference in reaction time was smallest at 0°, the sex
difference was significant at all angular distances, and did not show strong evidence of
increasing linearly with angular distance. These results are summarised below.
Table 10. Sex differences in mental rotation reaction time across angular distance. Significant
results are marked with an asterisk: * indicates p < .05, ** indicates p < .001. All mean
differences are in favour of males.
Angle Mean difference (sec) t df p Effect size
0° .268 2.509 190 .013* 0.38
30° .527 3.890 191 < .001** 0.64
60° .439 2.844 191 .005** 0.47
90° .487 2.817 194 .005** 0.49
120° .727 2.743 194 .007** 0.62
150° .595 2.300 193 .023* 0.42
180° .662 2.066 191 .040* 0.39
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In summary, the male advantage in mental rotation accuracy emerges as significant at
the .05 level only after an angular distance of 90°, and across greater angular distances the sex
difference shows a trend toward increasing linearly with angular distance. These results offer
considerable support for the hypothesis that the male advantage is a result of encoding style, as
will be discussed below.
7.3.2.2 Object Array
Separate independent-samples t-tests were used to compare males and females on each
object array task, since all three tasks are qualitatively distinct (i.e. they involve different spatial
abilities, as well as different numbers of locations and objects). As in Experiment A, there were
no significant sex differences in reaction times on these tasks, so only sex differences in
accuracy are discussed as follows.
• Location exchange showed a significant female advantage (t176 = 3.091, p < 0.01), with a
moderately large effect size of 0.63. This is, as predicted, larger than the effect size for this
condition found in Experiment A (d = .50), and is the largest female advantage in an object
array task found in this series of experiments. Note that this effect size is within the range
commonly reported for the male advantage in mental rotation (Voyer et al., 1995). This
result corroborates the conclusions of Experiment A, and is again considered here to reflect
a female advantage in object-to-position assignment.
• Identity exchange showed no significant sex difference (t184 = 1.398, p = n.s.). This is in
contrast to the results of Experiment A, in which females showed a significant advantage in
this condition. A parsimonious conclusion may be that females tend to show a trend toward
an advantage on this task, but that this effect is not as robust as the significant advantage in
location exchange, as reported by Silverman and Eals (1997), James and Kimura (1997),
and in Experiments A and B. The lack of a robust female advantage in the identity exchange
condition suggests again that the observed advantage in location exchange cannot be
accounted for simply by non-spatial (i.e. verbally-assisted) memory for object identities.
• Location shift also showed no significant sex difference (t178 = 1.503, n.s.). As
hypothesised, this is in contrast to the findings of Experiment A, in which the trend toward
a female advantage approached significance. This result is considered to reflect the required
accuracy of positional encoding, which increases with the number of on-screen objects.
The results for the object array tasks offer support for the hypothesis that the female
advantage on object array tasks varies with the extent to which they involve object-to-position
assignment over object identity memory and positional encoding. Specifically, when difficulty
level is relatively high, location exchange shows a significant female advantage, while location
shift and identity exchange do not show a significant female advantage. Thus, across
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Experiments A and B, location exchange has shown a reliable and robust female advantage,
while identity exchange and location shift seem typically to show only trends in that direction.
7.3.2.3 Concentration
Independent-samples t-tests were performed comparing males and females on reaction
time and number of moves on the three Concentration tasks. There was no sex difference in
reaction time on any level, although the 25-pair and 30-pair conditions showed trends toward a
female advantage; this is in slight contrast to the results of Experiment A, in which reaction
time scores (with 20 pairs of cards) showed a marginally-significant trend toward a female
advantage.
In support of the hypotheses, analysis of sex differences in accuracy revealed a
marginally significant female advantage on the 25-pair condition (t185 = 1.739, p = .084, effect
size = 0.37), and significant female advantages on the 30-pair (t189 = 2.086, p < .05, effect size =
0.46) and 35-pair (t177 = 2.043, p < .05, effect size = 0.50) conditions.
A 2 x 3 (i.e. sex by task) repeated measures factorial ANOVA was performed in order
to examine possible interactions between the female advantage and difficulty level. This
revealed the following:
• A significant main effect of sex (F(1, 155) = 12.108, p = .001), and pairwise comparisons
showed that this reflects a trend toward an overall female advantage (mean difference =
7.776, p = .001).
• A significant main effect of task (F(2, 310) = 426.138, p < 0.01), and pairwise comparisons
revealed that this reflects that number of moves increased with number of cards: the 35-pair
condition scored more moves than the 30-pair condition (mean difference = 20.047, p <
.001), and the 30-pair condition scored significantly more moves than the 25-pair condition
(mean difference = 20.348, p < .001).
• A marginally significant interaction between sex and task (F(2, 310) = 2.584, p = .077),
suggesting that males and females were differentially affected by task difficulty. This result
seems to reflect the planned comparisons above: the 25-pair condition showed a marginally-
significant female advantage (mean difference = 3.00), while the 30-pair (mean difference =
5.10) and 35-pair (mean difference = 7.13) conditions showed significant female
advantages. This offers support for the conclusions of Experiment A: relatively easy
versions of this task show a relatively small female advantage, while versions that use more
cards tend to show a larger female advantage.
7.3.3 Correlations
In order to compare performance on the tasks, correlations between the accuracy scores
were calculated for the overall data, and separately for each sex. These are presented as follows.
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Note that corresponding factor analyses, which were used in the analysis of Experiment A, are
not reported here, since they simply produced one factor for each task type, and thus were not
useful in grouping the tasks.
7.3.3.1 Overall data
In contrast to the correlational findings reported in Experiment A, the results for the
current experiment showed a relationship between mental rotation and the other object array
tasks, excluding location exchange. These are summarised in the following table.
Table 11. Correlations between accuracy scores on all tasks for the overall data. Pearson
correlation coefficients are shown, and significant correlations are marked with an asterisk: *
indicates p < .05, ** indicates p < .001.
MRT Loc. Ex. Id. Ex. Loc. Sh. Conc. 25 Conc. 30 Conc. 35
MRT 1 .145 .175* .201** -.171** -.230** -.196*
Loc. Ex. .145 1 .344** .218** -.189* -.269** -.273**
Id. Ex. .175* .344** 1 .353** -.182* -.216** -.326**
Loc. Sh. .201** .218** .353** 1 -.241** -.226** -.347**
Conc. 25 -.171* -.189* -.182* -.241** 1 .488** .561**
Conc. 30 -.230** -.269** -.216* -.226** .488** 1 .649**
Conc. 35 -.196* -.273** -.326** -.347** .561** .649** 1
7.3.3.2 Males
Correlational analysis of the data for males revealed that mental rotation and Location
Exchange did not significantly correlate with any of the other tasks (or with each other), and
that the object array tasks and Concentration tasks tended to correlate with others in their group.
These results are summarised below.
Table 12. Correlations between accuracy scores on all tasks for males. Pearson correlation
coefficients are shown, and significant correlations are marked with an asterisk: * indicates p <
.05, ** indicates p < .001.
MRT Loc. Ex. Id. Ex. Loc. Sh. Conc. 25 Conc. 30 Conc. 35
MRT 1 .127 .233 .304 -.023 -.254 -.209
Loc. Ex. .127 1 .185 .309 -.178 -.049 -.020
Id. Ex. .233 .185 1 .544** -.065 -.110 -.265
Loc. Sh. .304 .309 .544** 1 -.164 -.457** -.511**
Conc. 25 -.023 .178 .065 -.164 1 .554** .559**
Conc. 30 -.254 -.049 -.110 -.457** .554** 1 .750**
Conc. 35 -.209 -.020 -.265 -.511** .559** .750** 1
While many of the correlations for males did not reach significance, this may
potentially be due to a relatively smaller number of male participants rather than a lack of a
relationship between tasks. For example, the correlation between Location Exchange and
130
Location Shift was larger for males (r = .309) than it was for females (r = .210; see below), even
though this only reached significance for females. However, the sample size of 81 males should
be large enough to detect any strong relationships between the tasks, and in this case it seems
that multiple strategies with varying degrees of efficiency may indeed underlie male
performance across these tasks (as discussed previously in Experiment A).
7.3.3.3 Females
Correlational analysis of the data for females revealed that all tasks correlated with one
another (with the exception of Location Shift and the 30-pair Concentration task). These results
are summarised below.
Table 13. Correlations between accuracy scores on all tasks for females. Pearson correlation
coefficients are shown, and significant correlations are marked with an asterisk: * indicates p <
.05, ** indicates p < .001.
MRT Loc. Ex. Id. Ex. Loc. Sh. Conc. 25 Conc. 30 Conc. 35
MRT 1 .217* .193* .206* -.254** -.279** -.262**
Loc. Ex. .217* 1 .391** .210* -.254** -.308** -.343**
Id. Ex. .193* .391** 1 .251** -.264** -.242** -.339**
Loc. Sh. .206* .210* .251** 1 -.258** -.058 -.186*
Conc. 25 -.254** .254** -.264** -.258** 1 .435** .554**
Conc. 30 -.279** -.308** -.242** -.058 .435** 1 .543**
Conc. 35 -.262** -.343** -.339** -.186* .554** .543** 1
As in Experiment A, females showed strong relationships between almost all of the
tasks, suggesting that a similar spatial strategy (with varying degrees of efficiency, depending
on the computational demands of the task) may be employed for all tasks. This offers support
for the interpretations offered in Experiment A, and the implications are discussed below.
7.4 Discussion
The results of Experiment B offer further support for the hypothesis that sex differences
in performance on spatial tasks are related to differences in the encoding, storage, and
manipulation of specific classes of spatial information. These results are discussed for each task,
followed by a discussion of the relationships between the tasks.
7.4.1 The individual tasks
7.4.1.1 Mental rotation
The accuracy data for this task offer support for the hypothesis that the male advantage
in mental rotation may be due to a sex difference in encoding style. Specifically, it was
hypothesized that the male advantage should only emerge across angular distances in which the
131
female-typical egocentric-categorical directional relationships between parts of the objects are
changed across viewpoints; pilot testing suggested that for the stimuli used, this normally occurs
at rotations of between 60° and 90°. Results showed that the male advantage only became
significant at 90° (although there were non-significant trends at 30° and 60°), and increased
after that point. This suggests that, as predicted by the current model, at smaller rotations the
spatial representations of females may have a viewpoint-limited space constancy associated
with egocentric-categorical directional encoding. Thus, the male advantage in mental rotation
seems to be a result of a sex difference in the types of spatial information encoded and the
properties of the resulting spatial representations.
The reaction time data showed a similar trend toward an increase in the male advantage
with angular distance, which suggests that there is a positive linear relationship between the
number and extent of updates required for egocentric-categorical directional representations and
the time taken to complete each trial. The interpretation of this is that, as hypothesized,
allocentric representations seem to require time to mentally rotate per se, while egocentric-
categorical representations seem to require time to update the relationships between parts of the
object, in order to allow mental rotation. This results in an increasingly greater cost of angular
distance for females than for males. However, given that the male reaction time advantage was
apparent even at 0°, it may be the case that either males have an advantage in encoding or
comparison, or that methodological variables affected the reaction times. The former possibility
will be investigated in Experiment C using an object recognition task, which involves encoding
and comparison, but not mental rotation. The latter possibility could involve males being more
familiar with aspects of the experimental design, such as the use of computers. It is thus
currently unclear whether the observed sex difference in reaction time at 0° may be an
important component of the male advantage in mental rotation, or an artefact of extraneous
variables, although the results of Experiment C should help to clarify this (see the following
chapter).
This result is, to the author's knowledge, the first examination of a potential interaction
between sex and the performance costs of angular distance, and it is thus necessary to consider
other possible interpretations. One alternative explanation for these results is that comparisons
across small angular distances are performed visually, and do not require full spatial
representations. That is, the quadratic interaction between sex and angular distance (for
accuracy data) may be the result of a shift in strategy at 90° for both sexes from a primarily
visual one to a primarily spatial and cognitive one. However, this shift is not apparent in the
accuracy data for males, nor in the reaction time data, nor in the data of previous studies
(Shepard & Metzler, 1971), which show a negative linear relationship between angular distance
and performance. If it is the case that the lack of a significant sex difference in accuracy across
small rotations is due to a shift in strategy, it is unclear why it would be present only in females,
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or why it would not appear in the reaction time data. Given that the current results were
predicted by the proposed model, it seems likely that the current interpretation is indeed
plausible, although it clearly requires further study and corroboration.
7.4.1.2 Object array
The results of the current experiment offer further support for the hypothesis that the
female advantage is a result of egocentric-categorical OTPA (not simply a consequence of
object identity memory per se), and is removed when accurate positional encoding is required.
That is, Location Exchange is considered to be the variation that demands OTPA most purely,
and as hypothesized showed the most robust female advantage of the object array tasks (in both
Experiments A and B). Furthermore, the size of the female advantage seemed to increase with
greater task difficulty as hypothesized: an effect size of .50 was obtained using 28 objects, while
an effect size of .63 was found using 36 objects. The lack of a robust female advantage on the
Identity Exchange condition suggests that the female advantage on Location Exchange is not
simply a result of object identity memory. By comparison, Location Shift is considered to
require positional encoding in addition to OTPA, and as hypothesized the trend toward a female
advantage was removed by increasing the accuracy demands of positional encoding.
Specifically, in Experiment A (using 28 objects with relatively distant spacing) a marginally
significant female advantage was reported, while in Experiment B (using 36 objects with
relatively close spacing) no female advantage was reported. This latter result is more congruent
with the results of James and Kimura (1997), who also report no female advantage on this task.
It therefore seems plausible that small differences in the tasks used could account for the results;
for example, there may have been a tighter spacing of objects in the variation created by James
and Kimura (1997).
7.4.1.3 Concentration
Results for this task supported the hypothesis that the female advantage is dependent
upon task difficulty, which suggests that females have an advantage in the object-to-position
assignment of a large number of objects. However, despite the significant female advantages
reported for the 30-pair (effect size = 0.46) and 35-pair (effect size = 0.50) conditions, the sex
differences were not as large as those reported by McBurney at al. (1997), who found an effect
size of 0.89 using 33 pairs of real cards. This result supports the suggestion that the
computerised version inherently suffers from the problem of a limited screen size: as the
number of cards increases, their size decreases, their arrangement becomes more tightly packed,
and more precise positional encoding is required. That is, increasing the number of cards on a
computerised version results in a decreased metric positional leeway allowed before an
incorrect card is selected, so rough positional encoding becomes less useful. This may explain
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the discrepancy in effect size observed between the real-world and computerised versions: on
both the real-world and computerised versions of this task, increased numbers of cards place
increased demands on object-to-position assignment. However, in the real-world version, this
increase in OTPA is not associated with increased demands on precise positional encoding,
since the cards simply take up a larger total area, but do not shrink or become more tightly
arranged.
Thus, it is concluded that the computerised version used in Experiments A and B
produces a female advantage when using 30 or more pairs of cards, but that the real-world
version (as used by McBurney et al., 1997) produces a larger advantage because it does not
demand more accurate positional encoding. This suggests that while the real-world
Concentration task may produce the largest female advantage reported in the literature (d =
0.89; McBurney et al., 1997), when using computerised versions of OTPA tasks, the Location
Exchange task (with 36 objects) produced the most robust female advantage (d = 0.63). This
may be explored further in future studies by using larger monitors to allow increased size and
spacing of object locations in the concentration task.
7.4.2 Comparisons between the tasks
Correlational analyses produced similar results to those of Experiment A. Specifically,
there was a male advantage on tasks that are most efficiently performed using an enhanced
allocentric encoding strategy (i.e. mental rotation), and a female advantage on tasks that are
most efficiently performed using an enhanced egocentric-categorical encoding strategy for
object-to-position assignment (i.e. the location-exchange object array task and more difficult
concentration tasks). Again, tasks that fail to discriminate clearly between these strategies
(specifically the comparatively easy concentration task and the location-shift object array task)
showed no clear sex difference. Thus, the results of experiments A and B seem to offer further
support for the hypothesis that two fundamental spatial strategies account for the observed sex
differences in performance. Since these novel results were predicted by an evolutionary model
based on the hunter-gatherer model (Silverman & Eals, 1992), they not only offer further
support for this model, but are an example of the potential predictive utility and functional
explanatory power of evolutionary psychology. Further research is clearly required to confirm
or deny these hypotheses and interpretations.
7.4.3 Future research
While the tasks used in Experiments A and B offer support for the predictions of the
proposed model, it is necessary to address their explanatory and conceptual limitations, in order
to provide direction for the choice of tasks in future research. These potential limitations are
discussed as follows.
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Firstly, the tasks varied in their short-term memory requirements, and this may have
affected the cognitive strategies used to solve the tasks. Specifically, the short-term memory
requirements of the MRT are minimal, operating only for the time taken to move between
fixation points on the two objects (since both objects could not be viewed within one fixation).
In this case, the cognitive demands seem more strongly placed on maintaining an accurate
conception of spatial relationships regardless of orientation, and less strongly placed on
remembering the distinguishing features of the objects per se. In contrast to this, the object array
tasks, including the Concentration task, place much heavier memorial demands on a longer-
duration short-term memory (up to a few minutes). That is, whereas the MRT involves
enhanced cognitive manipulation of spatial information, with little emphasis on short-term
memory, the object array and concentration tasks involve enhanced short-term memory of
spatial information, with little emphasis on cognitive manipulation. It is worth noting that these
differences in short-term memory demands cannot wholly account for the observed sex
differences, since the Location Exchange and Location shift tasks had similar memorial
requirements, but required different spatial encoding strategies, and produced different patterns
of sex differences (as predicted). However, Experiments C and D will address this possible
shortcoming by using tasks that involve brief short-term memory requirements, but that vary in
the extent to which they tax specific types of spatial information.
Secondly, the tasks used in experiments A and B did not rule out the use of non-spatial
cognitive skills such as verbal labelling, which may have differentially affected male and female
performance in the tasks. That is, non-spatial sex differences in language and/or problem-
solving differences may have assisted females in the object array tasks, which may inherently
involve more verbal labelling than the MRT. However, the Location Exchange task produced a
larger female advantage than the Identity Exchange task in both experiments A and B, even
though the Identity Exchange task seemingly had the greatest potential requirements for non-
spatial language-based processing (i.e. simple object identity memory). That is, the Identity
Exchange task could be solved using only object identity memory (since no objects shifted or
exchanged locations), so if the female advantage was simply in this ability, then it would be
expected that this task should show the largest female advantage. Thus, while language
processing may form an integral component of spatial representations in females, the current
results show that non-spatial processing alone cannot account for the observed patterns of
female performance.
Thirdly, the tasks provide stronger evidence for a sexually dimorphic distinction
between egocentric and allocentric frames of reference (in the MRT) and the positional/OTPA
components of object location memory (in the object array and Concentration tasks) than for a
distinction between categorical and coordinate processing. Although the Location Exchange and
Location Shift tasks are most efficiently completed using categorical and coordinate processing
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respectively, they both involve other processes such as object identity memory and object-to-
position assignment. Thus, it will be useful in future experiments to use tasks that specifically
target categorical and coordinate processing, rather than tasks that use these skills in addition to
other spatial and non-spatial abilities.
Fourth, while the Location Exchange and Location Shift tasks measured bias toward
and capacity for using categorical and coordinate types of spatial representations, no tasks
measured sensitivity to those types of information. As discussed previously, it is hypothesized
that males are likely to show an advantage in sensitivity to coordinate information, although it is
also necessary to examine any sex difference in sensitivity to categorical information. Thus, one
of the primary aims of the following experiments (in particular Experiment D, although this
process will begin in Experiment C) is to examine sex differences in sensitivity, as well as sex




There are three principal aims of Experiment C: (a) to further investigate the
relationship between encoding style and object recognition, in particular the relationship
between directional and non-directional categorical information, (b) to begin to investigate sex
differences in sensitivity to coordinate and categorical information, rather than sex differences
in bias toward solving spatial problems in a sex-typical way, and (c) to maximise the conceptual
validity of comparing performance across various tasks with different computational demands.
This will be achieved by using tasks that place similar demands on short-term memory (unlike
the tasks used in experiments A and B), that as much as possible use identical stimuli across
categorical and coordinate conditions, and that are unlikely to have a strong language
component. These tasks are discussed as follows.
8.1.1 Mental Rotation
A version of the MRT will again be used to provide an established benchmark against
which the other tasks can be compared, but also to further investigate the relationship between
encoding style and performance. In experiments A and B, the female disadvantage was
proposed to be a result of updating directional egocentric-categorical relationships, such as
left/right, which are hypothesized to be associated with route-based wayfinding and gathering,
as discussed previously. However, non-directional categorical relationships may be also used to
describe the properties of parts of objects, such as 'attached to' or 'inside', and these need not
necessarily be updated with changes in viewpoint. These are not hypothesized to be female-
typical, since they are not clearly required by route-based wayfinding, which is based on taxon
systems that are used to encode and recall directional egocentric behaviours. Rather, these
categorical relationships are more generally required by basic object recognition – for example
when encoding the basic spatial relationships between limbs and the body, or facial features and
the head. In addition, they may also be important in spatial activities associated with hunting,
such as in encoding allocentric spatial relationships between locations in cognitive maps that
may later be supplemented with coordinate information (for example the river is 'attached to' the
east side of the mountain range, 5km from its north end). Thus, in order to show that the female
MRT disadvantage is due to the use of directional rather than non-directional categorical
representations, it is necessary to demonstrate that the female disadvantage is not eliminated or
reduced by using objects which may be readily identified by using non-directional categorical
representations.
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In MR generally, directional categorical relationships are not optimally useful, since
they must be updated with changing viewpoints. In MR of mirror objects (as used in
experiments A and B), non-directional categorical relationships are not useful, even if they are
encoded allocentrically, because mirror objects share all the same non-directional categorical
properties (see below). However, in MR of non-mirror objects, non-directional categorical
relationships may be useful in distinguishing the objects across different orientations. Consider
the following objects:
Figure 8. MRT objects used in Experiment C. The first two objects are mirror images (also
used in experiments A and B), while the third object has arms that are not parallel. All objects
contain the same number of blocks in total; each has a body with four blocks, a long arm with
three blocks, and a short arm with two blocks.
In the first two objects above (as used in experiments A and B), knowing that the arms
are attached to the side of one end of the body (which is a non-directional categorical
relationship) is not useful in discriminating them at different orientations. However, in
comparing the first and third objects, there is a clear non-directional categorical relationship that
may be used to discriminate between them at any viewpoint. Specifically, in the first figure, the
longitudinal axes of the arms are perpendicular to the body and are parallel to each other. In
contrast, in the third figure the longitudinal axes of the arms are perpendicular to the body, but
are also perpendicular to each other. That is, in the first (and second) objects, the arms are
parallel, while in the third object the arms are not parallel. An accurate judgement of 'parallel'
may arguably be based on coordinate information (for a discussion see Experiment D), but in
this case all that is needed is to discriminate 'parallel' from 'perpendicular', which is within the
computational capability of a categorical system as described by Kosslyn (1987). Importantly,
this relationship can be clearly discerned at all orientations.
Given the above hypothesis that the female disadvantage in MR is a result of using
directional categorical information (such as left/right, which is inherently viewpoint-dependent),
it is predicted that the male MR advantage should still be apparent when comparing objects that
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have clear non-directional categorical differences. That is, if the female advantage in categorical
encoding (see experiments A and B) is limited to directional categorical encoding, then the
existence of non-directional categorical cues should not assist females any more than males in
forming mental representations with space constancy. This result would provide further support
for the proposition that the sex difference in MR is due to males encoding relatively viewpoint-
invariant allocentric information (both coordinate and categorical) and females encoding
directional egocentric-categorical information (which is inherently viewpoint-dependent).
8.1.2 Object recognition
As discussed previously, mental rotation involves three main components: encoding,
rotation, and comparison (see for example Bethell-Fox & Shepard, 1988; Bryden et al., 1990;
Just & Carpenter, 1985). The mental rotation tasks used previously were useful in suggesting
that an allocentric frame of reference enhances performance in all three components, since
spatial representations with space constancy can be rotated without updating the spatial
relationships between parts, and can thus be readily compared. Furthermore, they were useful in
suggesting that males were encoding these allocentric relationships based on coordinate
information, since directional categorical information is viewpoint-dependent, and non-
directional categorical information is not useful when distinguishing mirror objects, which share
all the same non-directional properties (see above). However, it may be useful to examine the
roles of coordinate and categorical processing in encoding and comparing objects,
independently of the egocentric/allocentric distinction inherent in rotation.
This can be achieved using a change-detection paradigm, in which the configuration of
parts of an object may change, but the basic orientation of that object does not change. Such
configural changes may be categorical or coordinate (Keane, Hayward, & Burke, 2003), as
shown below.
Figure 9. Shapes used in the object recognition task (used by kind permission from Keane et
al., 2003). When compared to the first object, the configuration of the second object has
changed in a non-directional categorical way: the right arm was between the other two, but it no
longer is. The configuration of the third object has changed in a coordinate way: the left arm is
lower on the body, but is still below the other arms. Note that the metric distance involved in
categorical and coordinate changes is equal. The fourth object involves an identity change: the
right arm has been replaced by a different object with the same overall area.
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It may be the case that part of the male advantage in the MRT is in processing
coordinate configural relationships (and potentially non-directional categorical relationships, as
above), and while the MRT used in the current experiment addresses their role in rotation, it
will be useful to examine their role in encoding and comparison (i.e. in change detection). Thus,
following Keane et al. (2003), the object recognition task pictured above will be used, which
involves categorical and coordinate configural changes, in addition to identity-change and no-
change conditions as controls. The hypotheses regarding sex differences in performance on
these tasks are as follows:
• It is hypothesized that there will be no sex difference on the no-change condition, since this
condition involves basic non-spatial comparison, which should be essential to identifying
objects generally for both sexes. Furthermore, this is analogous to the MRT used in
Experiment B when the objects were separated by 0° of angular distance, which produced
no sex difference. This condition thus acts as a control.
• It is hypothesized that there will be no sex difference on the identity change condition, since
this also involves non-spatial processes of object recognition that are essential to both sexes,
such as identifying features of objects, and recognising specific parts (for example facial
features). This condition thus also acts as a control.
• It is argued that the coordinate properties of objects are likely to be more readily identified
and used by males, and that the observed advantage in MRT is not only the result of
encoding allocentric spatial representations that have space constancy. Thus, a male
advantage on the coordinate task is predicted.
• The categorical condition provides a more complex scenario, since both directional and
non-directional categorical relationships may be used to describe the observed changes. For
example, in the above figure, the categorical relationships between the arms may be
described directionally as above/below, or non-directionally as between/not between.
However, it is hypothesized that the female advantage in spatial ability is a function of bias
and capacity and not of sensitivity (as discussed previously), and as such it is unlikely that
either case would result in a female advantage. Furthermore, since all configural changes
involve coordinate changes (and categorical properties of those changes may then be
imposed), it seems plausible that males will show an advantage in sensitivity to configural
information in general. That is, males may potentially show an advantage on the categorical
condition by virtue of the enhanced use of coordinate information to encode configuration,
and not as a result of categorical processing. In contrast, a female advantage on this task
would demonstrate that the observed advantage in the Location Exchange and
Concentration tasks is partly due to increased sensitivity to categorical information,
although the current version of the MRT would still be required to distinguish between a
female advantage in directional and non-directional categorical processing.
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While this task may not be able to distinguish with certainty between the use of
coordinate and categorical strategies in the categorical condition, it is useful in testing the more
general hypothesis that the male advantage in mental rotation is a result of two spatial
advantages based on the computational demands of spatial activities associated with hunting:
allocentric and coordinate processing. This limitation in distinguishing with certainty between
categorical and coordinate information is addressed in the following task (and in Experiment
D).
8.1.3 Line and Dots Task (LDT)
For the researchers investigating categorical and coordinate processing, the most direct
measurements have been seen as low-level tasks that use the same stimuli for both conditions,
and involve the participant making categorical or coordinate judgments about those stimuli (see
Kosslyn, 1987; Kosslyn et al., 1989; Roth & Hellige, 1998; Wilkinson & Donnelly, 1999). For
example, Kosslyn et al. (1989; also Wilkinson & Donnelly, 1999) use a task in which
participants are asked to make judgements about the spatial relationship between a line and a
dot presented in close proximity. In the coordinate condition, participants are asked to
determine whether the dot is within a certain metric distance from the line (6mm in the case of
Wilkinson & Donnelly, 1999), while in the categorical condition participants are asked to
determine whether the dot is above or below the line. Such a task is potentially ideal for
investigating the hypothesized male advantage in sensitivity to coordinate information, since it
does not rely on higher-order processes of spatial memory or mental rotation, and thus limits the
possibility that other types of spatial information may be used to complete the task.
While there are a number of variations on this task (for example Roth & Hellige, 1998),
the version used by Wilkinson and Donnelly (1999) will be used in the current experiment, and
following their findings will use appropriate levels of contrast, stimulus polarity, and exposure
duration (which seem to modulate performance on the task; Wilkinson & Donnelly, 1999).
However, in order to facilitate group testing, hemispheric effects will not be manipulated in the
current version (although these will be measured in Experiment D). It is thus hypothesized that
males will show an advantage on the coordinate task, while there is unlikely to be a sex
difference on the categorical task, since females are proposed to have an advantage in bias and
capacity for egocentric-categorical encoding, but are unlikely to require increased sensitivity to
this information in route-based wayfinding and gathering. To the author's knowledge, Rybash
and Hoyer (1992) are the only authors to have reported a sex difference on this task; they found
a male advantage (at least initially) on a coordinate task (which is predicted by the current
model), and a female advantage on a categorical task (which is not necessarily predicted by the
current model). However, since no other studies seem to have found either of these effects, and
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few seem to have examined sex differences specifically (for a review see Jager & Postma,
2003), it is necessary to examine sex differences on this task in order to help test the proposed
model.
One limitation of this task is that the categorical version is likely to be easier than the
coordinate version, so ceiling effects may mask any actual female accuracy advantage.
However, any female advantage in sensitivity is likely to be revealed in the reaction time data,
and in data from the object recognition task.
8.2 Methods
8.2.1 Participants
Participants were 95 undergraduate psychology students (56 females and 39 males)
undertaking a first-year psychology course at the University of Wollongong. Ages ranged from
17 to 38, with a median of 19. All participants completed all tasks, and all had normal or
corrected-to-normal vision.
8.2.2 Procedure
Participants were administered a series of 3 task types, presented in random order.
Within each task type, trials (and conditions) were randomised. These tasks were Mental
Rotation (with two conditions: mirror changes, and categorical changes), Object Recognition
(with four conditions: categorical change, coordinate change, identity change, and no change),
and the LDT (with two conditions: categorical decisions and coordinate decisions). Each task
began with an instruction screen, which briefly described the nature of the task, detailed the
response method, and directed the participants to complete the task as quickly but as accurately
as possible. Tasks were programmed in RSVP experimental control software (Pepper & Tarr,
available from http://www.cog.brown.edu/~tarr/RSVP/), and run on Power Mac 7200
computers using the Mac OS 9.2 operating system. All were presented on a 15-inch Apple
Multiple Scan monitor with a 600x800 resolution, and participants responded via the keyboard
for all tasks. Participants were tested in small groups of 3, in a quiet supervised room.
8.2.2.1 Mental Rotation
Stimuli. Stimuli consisted of three objects; two of these were mirror images of one another, and
were identical to those used in Experiments A and B. The third object consisted of the same
number of blocks (9), but one of the arms was rotated through 90° on the x-axis (see Figure 10
below). Each object was rendered at 4 different orientations, in 90° increments. Objects were
created using StrataVision 3D version 4.0.
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Figure 10. The three types of objects used in the current mental rotation task, all rendered at 0°.
The first two are mirror images, while the third one involves a categorical different relationship
between the arms of the object.
Task. Again, this task involved a forced-choice procedure in which participants were asked to
decide if two simultaneously-presented 3D shapes represented the same object, regardless of
orientation. Trial order was randomised, and each type of change (mirror and categorical) was
represented an equal number of times. The task consisted of 72 trials, half of which were
‘same’, and half of which were ‘different’. ‘Same’ trials showed one object at any two
orientations, while ‘different’ trials showed two different objects at any two orientations. As in
Experiment A, participants were required to record their decision by pressing the ‘S’ key for
‘same’ or the ‘D’ key for ‘different’. After each trial, participants received feedback on their
performance. Accuracy (percentage correct) and reaction time (ms) were recorded as measures
of performance.
8.2.2.2 Object Recognition
The object recognition task consisted of four conditions presented in random order:
categorical change, coordinate change, identity change, and no change. These followed similar
procedures, so they will be discussed together.
Stimuli. Stimuli were created by Simone Keane (Keane et al., 2003), using StrataVision 3D
version 4.0. These consisted of 6 different novel objects, each of which had a main body section
and three arms. Each object was created so that the arms could change in three main ways, each
of which involved an equal number of changed pixels. Firstly, a categorical change involved an
arm shifting to a location that is categorically different, for example moving from above another
arm to below it (compare shapes 1 and 2 in Figure 11 below). Secondly, a coordinate change
involved one arm shifting a metrically equal distance to the categorical condition, but not
changing the categorical relationships between the arms (compare shapes 1 and 3 in Figure 11
below). Thirdly, an identity change involved one arm being replaced by a different shape
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(compare objects 1 and 4 in Figure 11 below). Each of the 6 novel objects was rendered with 3
types of categorical change (one for each arm), 1 type of metric change (since only one of the
arms could undergo a metric change without causing a categorical change), and 3 types of
identity change (one for each arm), in addition to the original shape. Thus, there were a total of
48 unique stimuli used.
Figure 11. Stimuli used in the object recognition task. Compared to the first object (far left), the
other objects (from position 2 to position 4) involve a categorical change, a coordinate change,
and an identity change respectively.
Task. Prior to the initiation of the task, participants were presented with an instruction screen
describing the basic nature of the task and requesting them to respond as quickly and as
accurately as possible. Each trial in the task itself involved the presentation of a fixation cross in
the centre of the screen for 500ms, followed by the presentation of the sample stimulus for
2000ms, positioned within 50 pixels of the centre of the screen (this 'jitter' was randomly
determined). Following this, a mask (a blurred rectangle consisting of the same colour palette as
the objects) was presented for 1500ms. Finally, the test object was presented until the
participant responded, or for up to 5000ms, at which point the trial timed out. The participant
was then required to respond 'same' or 'different', using the 'v' and 'm' keys respectively. The
response keys and their respective meanings were marked on the keyboard. After the
participant's response, they received feedback on their performance (i.e. a 'beep' sounded if they
were incorrect), and there was a 1000ms pause before the beginning of the next trial.
There were a total of 168 randomly-ordered trials, half of which were 'same' trials, and
half of which were 'different' trials. These were divided into 8 blocks, with a self-timed break
between them. Of the 84 'different' trials, 36 were categorical trials, 12 were coordinate trials,
and 36 were identity trials. (The reduced number of coordinate trials was a necessary
consequence of the object configurations: only one of the arms could be moved a metrically
sufficient distance without changing any categorical relationships.) Accuracy (percentage
correct) and reaction time (ms) were recorded as measures of performance.
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8.2.2.3 The LDT
This task involved two conditions, presented in random order: a categorical condition
and a coordinate condition. Since these varied only in the response required by the participant,
they are discussed together as follows.
Stimuli. Stimuli were created in AppleWorks version 6.2.2, and were anti-aliased in order to
ensure a smooth on-screen appearance. Stimuli were replications of those used by Kosslyn et al.
(1989, Experiment 3; also used by Wilkinson & Donnelly, 1999). The same stimuli were used
for the categorical and coordinate tasks. These consisted of a small square dot measuring 1 x 1
mm, and a horizontal line measuring 10 x 1 mm. The dot could appear in one of 12 locations
above or below the midpoint of the horizontal line. That is, there were 6 possible locations
above the line, and 6 possible locations below. In both cases, 3 locations were within 6 mm of
the line (specifically at 0.7, 2.4, and 4.1 mm), and 3 were more than 6 mm away from the line
(specifically at 7.9, 9.6, and 11.3 mm). A central fixation cross measuring 10 x 10 mm was used
to mark the centre of the screen before each trial. See examples of stimuli in Figure 12 below.
Figure 12. Examples of stimuli used in the LDT. In the categorical condition, the first and
second stimuli are classed as above the line, and the third and fourth are classed as below the
line. In the coordinate condition, only the fourth stimulus is greater than 6 mm away from the
line.
Task. Participants completed two separate randomly-ordered blocks of 36 trials: a coordinate
block and a categorical block. Each block contained the same set of stimuli, but trials within
each block were presented in random order. On the categorical task, participants were instructed
to determine whether the dot was above or below the line (by pressing the 'v' or 'm' key
respectively). On the coordinate task, participants were instructed to determine whether the dot
was less than or greater than 6 mm from the line (by pressing the 'v' or 'm' key respectively).
Participants were not trained to judge the size of 6mm, as pilot testing revealed that this was
unnecessary. On each trial, a central fixation cross was presented for 500 ms, followed by the
presentation of the stimulus for 100 ms. After responding, participants received feedback in the
form of a 'beep' if they were incorrect. This was followed by a 1000 ms inter-trial interval.




8.3.1 Exploratory data analysis
Reaction time and accuracy were recorded for all subjects. Exploratory data analysis
was performed on all data, and outliers (scores greater than 2.5 standard deviations from the
mean of that sex) were removed. Means and standard deviations for males and females are
summarized as follows.
Table 14. Means and standards deviations for males and females on all tasks. 'SC' represents
'Score', and 'RT' represents 'Reaction Time'.
Females Males
N Mean StDev N Mean StDev
MRT All RT 56 1876.857 926.470 35 1688.600 572.485
MRT All SC 56 70.511 11.918 38 80.446 10.550
MRT Norm RT 55 1677.327 734.894 35 1563.514 474.909
MRT Norm SC 56 71.912 10.858 37 81.194 9.245
MRT Cat RT 55 2147.282 1180.360 38 2085.987 954.010
MRT Cat SC 56 67.708 19.692 37 81.532 13.908
OR Cat RT 54 895.750 147.750 35 842.643 109.091
OR Cat SC 54 84.439 8.302 37 90.371 6.737
OR Id RT 54 979.352 181.080 39 987.692 186.992
OR Id SC 56 64.862 14.613 39 67.161 14.289
OR Crd RT 56 942.750 177.325 37 880.000 169.468
OR Crd SC 56 83.117 13.479 34 87.746 11.466
OR No RT 56 981.214 217.969 39 994.115 189.104
OR No SC 53 85.500 6.824 38 86.476 7.862
LDT Cat RT 54 535.056 105.620 39 471.885 84.942
LDT Cat SC 52 91.987 7.515 38 93.421 4.894
LDT Crd RT 54 594.519 89.189 38 603.737 121.054
LDT Crd SC 56 88.492 12.049 34 91.013 5.120
Key for abbreviations: Norm = Normal; Cat = Categorical; OR = Object Recognition; Id =
Identity; Crd = Coordinate.
8.3.2 Individual tasks
8.3.2.1 Mental rotation
Independent-samples t-tests were used to compare males and females on accuracy and
reaction time for the overall data, and separately for the normal version (in which the objects
were mirror images, and the arms of both were parallel) and the non-directional categorical
version (in which the arms of one of the objects were perpendicular). Results were as follows.
• Analysis of the overall data revealed a significant male advantage in accuracy (t92 = 4.151, p
< .001, effect size = 1.07), as hypothesized. There was no significant male advantage in
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reaction time, although there was a small trend (mean difference = 188.26ms, effect size =
0.26).
• Analysis of the data for the normal (parallel arms) version revealed a male advantage in
accuracy (t91 = 4.274, p < .001, effect size = 1.09), as hypothesized. There was no
significant male advantage in reaction time, although there was a small trend (mean
difference = 113.81 ms, effect size = 0.20).
• Analysis of the data for the non-directional categorical (perpendicular arms) version also
revealed a large male advantage in accuracy (t91 = 3.7, p < .001, effect size = 1.07), as
hypothesized. There was no significant sex difference in reaction time.
A repeated-measures ANOVA was performed on the accuracy data in order to further
investigate the relationship between sex and task type. This revealed a significant main effect of
sex (F(1, 89) = 21.521, p < .01), no main effect of task type (F(1, 89) = 1.206, n.s.), and no
interaction between task type and sex (F(1, 89) = 2.260, n.s.). Pairwise comparisons showed that
the main effect of sex reflected an overall male advantage (mean difference = 12.2, p < .01).
These results suggest that as hypothesized, the male accuracy advantage was not affected by
readily available non-directional categorical information.
A repeated-measures ANOVA on the reaction time data revealed no significant main
effect of sex (F(1, 87) = 0.643, n.s.), a significant main effect of task type (F(1, 87) = 56.853, p
< .01), and no significant interaction between task type and sex (F(1, 87) = 0.802, n.s.). Pairwise
comparisons revealed that the main effect of task type reflected slower reaction times for
comparing the non-directionally categorically different (rather than mirror) objects (mean
difference = 393.433, p < .01).
Analysis of within-sex differences in accuracy scores showed that as hypothesized
females did not find non-directional categorical information of any benefit; in fact, there was a
marginally significant trend toward females performing more poorly on this variation (t55 =
1.828, p = .073). Accuracy for males did not differ on the two types of MRT (t34 = 0.370, n.s.).
Analysis of within-sex differences in reaction time scores showed that both males (t34 = 4.649, p
< .01) and females (t53 = 6.408, p < .01) were significantly slower on the non-directional
categorical comparison.
8.3.2.2 Object recognition
Independent-samples t-tests were used to compare males and females on the four task
types. Results were as follows:
• The categorical condition showed a male advantage in accuracy (t89 = 3.607, p = .001, d =
.91), and a marginally significant advantage in reaction time (t87 = 1.827, p = .071, d = .46).
147
• The coordinate condition showed a marginally significant male advantage in accuracy (t88 =
1.668, p < .1, d = .43) and reaction time (t91 = 1.700, p < .1, d = .45).
• The identity-change condition showed no significant differences or strong trends in
accuracy (t93 = .761, n.s.) or reaction time (t91 = .216, n.s.).
• The no-change condition showed no significant differences or strong trends in accuracy (t89
= .631, n.s.) or reaction time (t93 = .299, n.s.).
Within-sex comparisons between tasks (i.e. repeated-measures t-tests) were performed
to assess any sex differences in patterns of difficulty across the coordinate and categorical
versions. Data for females show no difference between these tasks in accuracy (t53 = .016, n.s.),
but a reaction time advantage for the categorical task over the coordinate task (t53 = 2.531, p <
.05). Conversely, data for males showed no difference between these tasks in accuracy (t31 =
1.189, n.s.) or reaction time (t34 = .942, n.s.). Thus, females took longer to complete the
coordinate task than the categorical task, while males showed no performance difference
between these tasks.
8.3.2.3 Lines and dots task (LDT)
Independent-samples t-tests were performed in order to examine sex differences on the
two versions of the task. Results were as follows:
• On the categorical condition there was no significant sex difference in accuracy (t88 = 1.027,
n.s.), but there was a male advantage in reaction time (t91 = 3.083, p < .01).
• On the coordinate condition there was no significant sex difference in accuracy (t88 = 1.156,
n.s.) or reaction time (t90 = .421, n.s.). This is counter to the hypothesis that males should
show an advantage on this condition.
A repeated-measures ANOVA on the accuracy data revealed no significant main effect
of sex (F(1, 84) = 1.494, n.s.), and a significant effect of task type (F(1, 84) = 6.839, p < .05).
Pairwise comparisons show that this reflects an overall accuracy advantage for the categorical
task (mean difference = 2.77, p < .05). There was no interaction between task and sex (F(1, 84)
= .008, n.s.).
A repeated-measures ANOVA on the reaction time data revealed no main effect of sex
(F(1, 88) = 2.161, n.s.), but there was a significant main effect of task (F(1, 88) = 65.149, p <
.01). Pairwise comparisons showed that reaction times were significantly faster for the
categorical condition than for the coordinate condition (mean difference = 96.325, p < .01).
There was a significant interaction between task and sex (F(1, 88) = 8.786, p < .01), which
reflects the planned comparisons above showing a male reaction time advantage on the
categorical condition, but not on the coordinate condition.
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Results for this task are thus somewhat anomalous, and do not show the hypothesized
male advantage on the coordinate condition. Possible explanations are discussed in section
8.4.1.3.
8.3.3 Correlations
In order to compare performance on the tasks, correlations between the accuracy scores
were calculated for the overall data, and separately for each sex. These are presented as follows.
(Note that corresponding factor analyses, which were used in the analysis of Experiment A, are
not reported here, since they simply produced one factor for each task type.)
8.3.3.1 Overall data
A correlational analysis of the overall accuracy data showed that the tasks tended to
correlate with other tasks of the same basic type (for example, the LDT versions correlated
significantly). In addition, both versions of the MRT correlated with the categorical and
coordinate versions of the object recognition task, suggesting that they may involve similar
processes. These results are summarised in the following table.
Table 15. Correlations between the tasks for the overall data. Significant results are marked
with an asterisk: * indicates p < .05, ** indicates p < .001.
OR CAT OR ID OR CRD OR NO LDT CAT LDT CRD MRT NOR MRT CAT
OR CAT 1.000 .431(**) .374(**) .314(**) .218(*) .012 .279(**) .314(**)
OR ID .431(**) 1.000 .316(**) .156 .143 .096 .392(**) .192
OR CRD .374(**) .316(**) 1.000 .332(**) .146 .086 .355(**) .325(**)
OR NO .314(**) .156 .332(**) 1.000 .218(*) .031 .068 .152
LDT CAT .218(*) .143 .146 .218(*) 1.000 .347(**) .086 .220(*)
LDT CRD .012 .096 .086 .031 .347(**) 1.000 .114 .085
MRT NOR .279(**) .392(**) .355(**) .068 .086 .114 1.000 .601(**)
MRT CAT .314(**) .192 .325(**) .152 .220(*) .085 .601(**) 1.000
Key for abbreviations: OR = Object Recognition; Cat = Categorical; Id = Identity; Crd =
Coordinate, Nor = Normal
8.3.3.2 Males
A correlational analysis of the accuracy data for males showed far fewer significant
correlations between tasks. Note that none of the tasks involving coordinate processing (the
coordinate object recognition, the coordinate LDT, and the normal MRT) correlated
significantly with each other, and none of the tasks involving categorical processing (the
categorical object recognition, the categorical LDT, and the non-directional categorical MRT)
correlated significantly. These results are summarised below, and their possible implications are
discussed in the following section.
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Table 16. Correlations between the tasks for males. Significant results are marked with an
asterisk: * indicates p < .05, ** indicates p < .001.
OR CAT OR ID OR CRD OR NO LDT CAT LDT CRD MRT NOR MRT CAT
OR CAT 1.000 .515(**) .322 .520(**) .177 .069 .295 .228
OR ID .515(**) 1.000 .327 .322(*) .179 .327 .086 .373(*)
OR CRD .322 .327 1.000 .425(*) .103 -.150 .236 .492(**)
OR NO .520(**) .322(*) .425(*) 1.000 .353(*) .095 .274 .284
LDT CAT .177 .179 .103 .353(*) 1.000 .205 .261 .090
LDT CRD .069 .327 -.150 .095 .205 1.000 -.001 .165
MRT NOR .295 .086 .236 .274 .261 -.001 1.000 .631(**)
MRT CAT .228 .373(*) .492(**) .284 .090 .165 .631(**) 1.000
Key for abbreviations: OR = Object Recognition; Cat = Categorical; Id = Identity; Crd =
Coordinate, Nor = Normal
8.3.3.3 Females
A correlational analysis of the accuracy data for females showed a similar pattern to the
males. That is, few tasks correlated significantly with one another, and the correlations in
general were relatively weak. One potential problem with comparing the size of the correlations
observed for males and females is the discrepancy in sample size (i.e. there were 39 males and
56 females tested). However, it seems likely that either sample size should be sufficient for
revealing any very strong correlations between tasks; the lack of strong correlations for either
sex suggests that multiple strategies may underlie both male and female performance across
these tasks. These results are summarised below.
Table 17. Correlations between the tasks for females. Significant results are marked with an
asterisk: * indicates p < .05, ** indicates p < .001.
OR CAT OR ID OR MET OR NO LDT CAT LDT CRD MRT NOR MRT CAT
OR CAT 1.000 .384(**) .347(*) .174 .205 -.055 .154 .154
OR ID .384(**) 1.000 .286(*) .018 .117 .033 .208 .403(**)
OR CRD .347(*) .286(*) 1.000 .258 .138 .091 .298(*) .261
OR NO .174 .018 .258 1.000 .147 -.003 .027 -.094
LDT CAT .205 .117 .138 .147 1.000 .365(**) .173 .035
LDT CRD -.055 .033 .091 -.003 .365(**) 1.000 .051 .054
MRT NOR .154 .208 .298(*) .027 .173 .051 1.000 .490(**)
MRT CAT .154 .403(**) .261 -.094 .035 .054 .490(**) 1.000
Key for abbreviations: OR = Object Recognition; Cat = Categorical; Id = Identity; Crd =
Coordinate, Nor = Normal
The correlational analyses presented here do not suggest clear groupings of tasks, as
was the case with experiments A and B. However, there may have been problems with the
object recognition and LDT tasks that are likely to have affected the correlations; these are
discussed in section 8.4.1.3.
8.4 Discussion
The results of Experiment C offer some further support for the hypothesis that sex
differences in performance on spatial tasks are related to differences in specific spatial abilities,
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although the LDT task failed to find the predicted sex difference. These results are discussed for
each task, followed by a discussion of the relationships between the tasks.
8.4.1 The individual tasks
8.4.1.1 Mental rotation
The mental rotation task used in the current experiment was designed to clarify whether
the female advantage in using categorical information is limited to using directional egocentric
relationships, or extends to encoding non-directional categorical relationships between parts of
objects. As hypothesized, results showed that comparing objects with clear non-directional
categorical differences does not remove or reduce the female disadvantage in mental rotation.
Furthermore, males performed equally well on both types of MR comparisons, with accuracy
and reaction time measures for both types of changes correlating significantly, suggesting that
the same strategy was used for comparing mirror objects and non-directionally categorical
distinct objects. Since non-directional categorical information cannot readily be used for
comparing mirror objects (as discussed previously), the male-typical encoding style used in MR
seems to be allocentric-coordinate. In comparison, the results of experiments A, B, and C
suggest that the female-typical encoding style used in MR is egocentric-categorical, and makes
use of directional categorical relationships.
This conclusion offers support for the evolutionary model of sex differences in spatial
ability, which was used to predict (a) a male bias toward and advantage in encoding allocentric
and coordinate information, as associated with survey-based wayfinding, and (b) a female bias
toward and advantage in processing egocentric-categorical relationships, that may be used to
define behavioural directional responses in a route-based wayfinding strategy. Since MR is
optimally performed using allocentric encoding, these sex differences in spatial style and ability
seem to explain the observed pattern of results.
8.4.1.2 Object recognition
The results of the previous mental rotation tasks suggest that the male advantage in MR
is a result of an allocentric-coordinate encoding style, which allows the generation of spatial
representations with space constancy, in comparison to female-typical egocentric-categorical
encoding of directional relationships. That is, the encoding style used by males allows relatively
accurate and fast rotation. In addition to this finding, the results of the object recognition task
suggest that the male advantage may also be due to an advantage in encoding and/or
comparison speed and accuracy, regardless of the type of configural information. That is, as
hypothesized, males showed a marginally significant advantage in detecting coordinate changes,
but not in the control no-change or identity-change conditions. Furthermore, males showed a
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significant advantage in detecting categorical changes (on which it was hypothesized that there
should be either no sex difference, or a male advantage). Following the interpretation of the
MRT above, this result is unlikely to be a consequence of a male advantage in processing
directional or non-directional categorical information, given that this could not account for the
male advantage in MRT using mirror objects. Instead, it may paradoxically also reflect the male
advantage in detecting coordinate changes. That is, categorical changes also involve a
coordinate change, so both tasks may be completed by males using the same coordinate
mechanism, resulting in a generalised male advantage in detecting configural changes. One
caveat to this interpretation is that the male advantage in the coordinate task was only
marginally significant, but as the effect size of .46 was moderately large, it seems likely that
increasing the task difficulty or sample size may produce a significant advantage at the .05
level. Data thus suggest that, as hypothesized, there is no sex difference in sensitivity to
categorical information, so the female advantage seems to be limited to processing large
amounts of directional categorical information, used in OTPA.
The results of the object recognition task and the previous MR tasks thus suggest that
the male advantage in MR may be the consequence of a sex difference in the first two stages of
the task: encoding and rotation. That is, the male advantage seems to be firstly in encoding
allocentric-coordinate information about the objects, and secondly in rotating the resulting
spatial representations of the objects, which have space constancy as a result of encoding style.
The lack of a sex difference in the no-change object recognition task suggests that a sex
difference in comparison (being the third stage of MR) is unlikely, although future studies may
examine this factor more closely.
8.4.1.3 The LDT
While the results of the MRT and object recognition tasks used in the current
experiment offer relatively strong support for the hypotheses, results of the LDT were more
problematic. Specifically, there was no male advantage in the coordinate task, and there was a
male advantage on reaction time in the categorical task. Given that these results seem to be in
conflict with the results of all the other tasks, it seems plausible that methodological issues and
extraneous variables may account for the results. Most significantly, a number of participants
(almost entirely females) reported being confused by the two versions of the LDT, and not
reading the instructions presented before each version of the task. As a result, they reported
either doing both tasks according to the same criterion (i.e. doing the categorical task as if it
were the coordinate task or vice versa), or performing both tasks incorrectly as a result of not
reading instructions before either task. In comparison, participants were familiar with the
same/different paradigm employed in the MRT and object array tasks, and had no trouble
understanding those instructions. (Note that in Experiment D, instructions for novel or
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unfamiliar tasks were given in person before each participant began the study, and a reminder
sheet was provided beside the testing computer.) Other potential problems with this task were as
follows:
• The categorical task does not seem to be readily completed using coordinate information (as
in the categorical version of the object array task), so the observed male reaction time
advantage is unlikely to be a result of this factor. Instead, it may be the case that extraneous
variables such as attending to the instructions or familiarity with non-standard computer
tasks may have affected the results in this condition. It is, however, unclear why such
variables would affect the results in this condition and not any others.
• It is plausible that the coordinate task required only a categorical decision based on rough
metric information, such as 'near/far', rather than an accurate judgement of a 6mm distance.
That is, even though this decision must be based on some form of coordinate information
(since it involves geometric distance, which is not a categorical property), this version may
not have required accurate enough encoding to discriminate between males and females.
In order to address the problems with this task and the anomalous results reported,
another version of the coordinate LDT will be used in Experiment D. Following Roth and
Hellige (1998), this task will involve deciding whether a horizontal line fits between two
horizontally aligned dots; by using small variations in metric distance, it should be possible to
ensure more carefully that this task requires relatively accurate coordinate encoding, and cannot
be solved using categorical decisions based on rough conceptions of metric distance. In
addition, the task used in Experiment D will make use of the visual half-field paradigm
(Kosslyn et al., 1989; Roth & Hellige, 1998; Rybash & Hoyer, 1992), since any sex differences
that are isolated to one hemisphere (for example a male advantage in coordinate processing that
is restricted to the right hemisphere) may potentially be masked by the bilateral presentation
used here.
8.4.2 Comparisons between the tasks
The correlational analyses may have been strongly affected by potential problems with
the LDT, so any interpretations must be considered with caution. However, it is noteworthy that
for both males and females, the tasks considered to involve different aspects of coordinate
processing (the normal MRT, the coordinate object recognition, and the coordinate LDT) did
not correlate significantly. Ignoring the results concerning the LDT, these results suggest that
MRT performance does not necessarily predict performance on object recognition tasks based
on the same types of spatial information. That is, skill in encoding and manipulating spatial
relationships (as required by MR) does not predict skill in detecting changes based on those
types of information. More specifically, it may for example be the case that amongst males,
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enhanced sensitivity to coordinate information does not necessarily confer an enhanced ability
to encode allocentric relationships based on this information. Thus, it is tentatively suggested
that the two hypothesized male advantages – allocentric and coordinate processing – are
partially separable, at least to the extent that ability in one does not clearly predict ability in the
other.
Similarly, the tasks considered to involve different aspects of categorical processing
(the categorical object recognition, the categorical LDT, and the non-directional categorical
MRT) did not significantly correlate. It may also be the case that ability to encode directional
categorical information (proposed to be typically used by females in MRT) is not necessarily
predictive of the ability to detect changes in spatial relationships based on that information, or
of the ability to encode non-directional categorical information. Indeed, it seems reasonable to
suggest that these are different skills, even though they are based on the same types of spatial
information.
8.4.3 Future research
In addition to using a different version of the coordinate LDT (as discussed above), a
useful aim for future research may be to design and use tasks that more clearly require a specific
spatial ability, in addition to tasks that are optimally solved using one ability over others. For
example, the MRT favours an allocentric-coordinate strategy, but does not necessarily preclude
an egocentric-categorical one – indeed, this sex difference in bias is assumed to be the source of
the sex difference in performance. It may also be valuable to use tasks which can only be solved
using one type of spatial information; these by necessity are likely to be lower-level tasks,
which are more perceptual in nature, and thus involve fewer influences from language and other
non-spatial cognitive variables. The LDT used here was an attempt to begin to do this, but this
approach will be used much more extensively in Experiment D. If, as hypothesized, there is a
sex difference in sensitivity to coordinate information, then such tasks are likely to more
accurately reflect the size of the male advantage, and will be useful in clarifying the nature of




A primary aim of Experiment D is to address the limitations of the previous
experiments by using a large battery of tasks that tax relatively low-level spatial perception and
processing, thereby avoiding complications relating to short term memory, language processing,
and the measurement of bias rather than sensitivity. In addition, this experiment will further
investigate the nature of the male advantage in processing geometric relationships by beginning
to investigate the construct of field independence. As discussed previously, the male advantage
on spatial perception tasks (such as the rod-and-frame task) is commonly hypothesized to be a
result of 'field independence' – the ability to extract accurate spatial information (such as a
judgement of vertical), even in the presence of other distracting geometric information (in this
example the tilted frame; see for example Miller, 2001). Spatial perception – the ability to
encode geometric properties of the environment – is clearly related to coordinate processing,
and the observed male advantage on tasks that measure this ability is concordant with the
proposed model. However, it is not clear that performance on the rod-and-frame task, for
example, is necessarily the result of field independence; it may potentially be the case that
males are better able to use geometric information contained in a spatial environment (such as
the tilt of the frame) in order to make coordinate judgments, rather than being better able to
ignore this 'distracting' information. As discussed below, existing data seem equivocal on this
issue, and therefore it will be useful to attempt to clarify whether the hypothesized male
advantage is a result of using geometric information contained in an environment (or scene) to
make coordinate judgments, or of being able to ignore distracting information – or indeed of
both. This will be assessed using tasks that require coordinate judgments both with and without
geometric references, as well as tasks that involve geometric (i.e. coordinate) illusions.
A further principal aim of this experiment is to attempt to control for factors not
assessed in previous experiments, such as hemispheric specialization, handedness and menstrual
status. Since categorical and coordinate sources of spatial information are hypothesized to be
principally encoded by the left and right hemispheres respectively (Kosslyn, 1987), it is relevant
to examine the hemispheric organization of these and other spatial skills in different cognitive
contexts. Thus, a visual half-field paradigm will be used on applicable tasks in the following
experiment, in order to begin to identify possible neural implementations of the hypothesized
evolved spatial modules (at least on a very coarse level, that may be used to direct future, more
accurate research).
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Similarly, handedness and menstrual status are seen as correlates of biological-proximal
mechanisms that are likely to underlie the hypothesized evolved spatial mechanisms. Firstly,
menstrual status is seen as an index of the levels of sex hormones in females: during menses,
females show reduced estradiol and progesterone levels, and increased male-typical cognitive
abilities (Kimura, 1999), while during the midluteal phase females show increased levels and
decreased male-typical cognitive abilities (Hausmann et al., 2000). Furthermore, the decreased
levels of progesterone and estradiol during menses are related to increased lateralization of
function (Hausmann, Becker, Gather, & Guentuerkuen, 2002). It is unfortunately beyond the
scope of this thesis to accurately examine the effects of circulating hormone levels on spatial
ability (using either correlational or causal techniques), although asking participants to indicate
their menstrual status may potentially supply information that will provide directions for future
research.
Secondly, handedness is also seen as an index of lateralization of function, as right-
handers typically show increased lateralization of function compared to left-handers (for
example Halpern, 1992; Harshman et al., 1983; Levy, 1976). This is of interest to the current
study, as Hellige, Bloch, Cowin, Eng, Zohar, and Sergent (1994) report that left-handers often
do not show the predicted pattern (Kosslyn, 1987) of left-hemisphere specialization for
categorical processing and right-hemisphere specialization for coordinate processing. Generally,
the direction of asymmetry in left-handers as a group is more variable, so clear patterns of
hemispheric asymmetry are less likely to emerge (Hellige et al., 1994; Jager & Postma, 2003).
Since access to brain-imaging equipment was logistically impossible, it may be useful to use
right-handedness as a control for ensuring normal patterns of hemispheric specialization.
In summary, right-handers and menstruating females are all seen as more likely to show
male-typical increased lateralization of function, and are thus the most likely to show visual
field effects. However, of these three additional measures (hemispheric specialization,
handedness and menstrual status), handedness is seen as the most readily and accurately
measured (employing the commonly used Edinburgh Handedness Inventory; Oldfield, 1971),
and the most clearly established to be related to categorical and coordinate processing (Jager &
Postma, 2003), and is thus the most likely to produce reliable and predictable effects.
The tasks used in this experiment may be divided into those examining (a) aspects of
coordinate encoding, both with and without geometrical references in the stimulus display, (b)
sensitivity to geometric illusions, and (c) sensitivity to categorical information and basic object-
to-position assignment. These tasks are now discussed as follows.
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9.1.1 Coordinate Encoding
The tasks used in this group vary in the extent to which they rely upon coordinate
processing, space constancy, object recognition, and geometric reference points in the stimulus
display.
9.1.1.1 Mental Rotation
It has been clearly established that the MRT shows a large and robust male advantage
(Voyer et al., 1995), and the results of previous studies in this thesis have shown that sex
differences on variations on the MRT can be predicted by examining their computational
requirements. Thus, the standard same/different version of the MRT (using only mirror objects)
will be used here as a control, and as a source of comparison in evaluating the effect sizes of sex
differences on the novel tasks used in this study. It is seen as measuring bias toward the use of
allocentric-coordinate processing in order to allow the generation of space constancy, and is
hypothesized to show a male advantage.
As discussed previously, studies investigating the relationship between circulating
hormone levels and spatial ability (typically measured by mental rotation or spatial perception
tasks, which show a reliable male advantage) suggest an inverse relationship between
circulating levels of estradiol and progesterone and performance on male-typical spatial tasks
(for example Hampson & Kimura, 1998; Hausmann et al., 2000). Levels of these hormones
fluctuate reliably with the menstrual cycle: menses is associated with low levels and higher
spatial performance, while the midluteal phase is associated with high levels and lower spatial
performance (Hampson & Kimura, 1988). However, the self-report measure of hormonal status
provided in this experiment is only a guide, and must be interpreted with caution (see Phillips &
Silverman, 1997). As a result, a measurable advantage for menstruating women on this task will
provide an indication that this measure is accurate enough to be of some use in directing future
research. However, menstrual status effects are not seen as useful in discriminating between
tasks, since according to the sexual selection model proposed previously, all spatial abilities are
likely to be reduced during reproductively important stages (i.e. stages with high levels of
circulating estradiol and progesterone, such as the midluteal phase), which aids reproductive
success by restricting mobility and diverting cognitive resources away from navigational
processing.
Previous research has generally found a relationship between mental rotation
performance and handedness, although data suggest a relatively complex scenario. For example,
Snyder and Harris (1993) report an advantage for right-handed males over left-handed males,
but only in strongly left-handed participants. However, the effects of familial sinistrality, which
may also be an important determinant of brain organization, seem much more controversial (for
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example Casey, 1986; Casey, 1989; Cerone & McKeever, 1998; McKeever, 1996), and there is
no clear consensus on the effects of this factor on MR performance, particularly in females (for
a review see Cerone & McKeever, 1998). In the absence of brain imaging techniques, it is
necessary to use a visual half-field paradigm to examine the effects of handedness (and the
resulting patterns of brain organization and lateralization of function) on MRT performance.
However, a visual half-field presentation of the MRT requires a sequential matching paradigm,
which necessitates either significantly reducing object complexity, or allowing participants to
learn specific stimuli. Both of these are likely to result in markedly different computational
requirements for MR, so this paradigm was avoided. Thus, without an examination of visual-
field effects, it seems plausible that any handedness effects may be reduced by bilateral
presentation. If any handedness effect is found, then following Snyder and Harris (1993), it
would be likely to favour right-handers.
9.1.1.2 The judgement of line angle and position (JLAP) task
The MRT involves the generation of spatial representations with space constancy, but
with the potentially confounding factors of object recognition and rotation. As a result, it may
be useful to examine a task that requires space constancy of geometric (coordinate) information,
without the other spatial and cognitive skills associated with the MRT. One task that seems to
fit these criteria is the Judgement of Line Orientation test (JLO; Benton et al., 1978), which
involves estimating the position and orientation of target lines, by comparing each to a
semicircular array of choices. This task is commonly used as a neuropsychological instrument,
as damage to the right hemisphere impairs performance (Collaer & Nelson, 2002). Collaer and
Nelson (2002) adapted this task for group testing, and increased the task difficulty by requiring
increased accuracy in judgements of angles in order to avoid a ceiling effect in normal
participants. This modified version is known as the Judgement of Line Angle and Position task
(JLAP). An example (as adapted for the current study) is shown in the following figure:
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Figure 13. An example of a trial in the JLAP (as used in the current study, based on stimuli
used by Collaer & Nelson, 2002). The task is to determine which of the lines in the semicircular
sample array is parallel to the target line. The correct answer is 'J'.
This task requires encoding the geometric properties (i.e. Euclidian characteristics) of
the orientation of the target line, and maintaining a spatial representation of that orientation
while comparing it to lines in the sample array. This involves sensitivity to coordinate
information and maintaining a stable spatial perception despite movement (i.e. space constancy;
Silverman et al., 2000), and as such a male advantage on this task is anticipated by the current
model. Accordingly, Collaer and Nelson (2002) report a large male advantage on this task (d =
.85), although this male advantage was removed when using a version of this task in which the
entire stimulus array is tilted, so the geometry of the page cannot serve as a reference for line
judgements. Collaer and Nelson (2002) interpret this as a function of an increased tendency in
males to attend to and use geometric reference cues in making coordinate judgements. Note that
this is compatible with navigational and quasi-navigational reports which show sex differences
in attention to spatial information, and specifically an increased male ability to use distal
landmarks as geometric reference cues in creating a survey-based cognitive map (for example
Sandstrom et al., 1998).
This interpretation of the source of the male advantage in the normal version of the
JLAP is also compatible with the observed male advantage on spatial perception tasks (such as
the rod-and-frame task), which according to Collaer and Nelson (2002) share some of the
computational demands of the JLAP (although they use the example of the water-level task).
For example, the rod-and-frame and JLAP tasks may both rely on attending to geometric
reference cues in order to make a judgement of 'vertical' or 'parallel' respectively. However, it is
difficult to determine whether field independence or attention to local geometric cues per se
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underlies the observed male advantage in these tasks. That is, it may be that in the JLAP, males
have an advantage in (a) using the semicircular array of choices (or the tilted frame, in the case
of the rod-and-frame task) as local geometric reference points, or (b) ignoring that information,
and attending to the Euclidian properties of the testing page (or in this study, the computer
screen) as distal geometric references points. Collaer and Nelson's (2002) finding that altering
the Euclidian properties of the testing page significantly impaired male performance (and
eliminated the sex difference) offers support for the explanation based on field independence
using distal geometric reference points. Indeed, effectively using the semicircular array of
choices in the JLAP (or the tilted frame in the rod-and-frame task) requires not only gathering
Euclidian information as geometric reference points, but ignoring distracting information such
as the adjacent incorrect lines (or the illusion caused by the tilt of the frame). It is thus
hypothesized that the male advantage in the JLAP seems to be the result of space constancy,
field independence, and the use of distal geometric reference cues, and that field independence
seems more generally to be a requirement of encoding geometric information about complex
displays, including real-world environments.
The current study will use a version of this task that is adapted for computer-based
presentation (rather than the pencil-and-paper task used by Collaer & Nelson, 2002), and will
involve two conditions that vary in the distance between the target lines and the sample array
(labelled the 'near' and 'far' conditions). These are essentially exploratory, as it is hypothesized
that the distance between the target and sample stimuli has two main and opposing effects.
Firstly, space constancy demands seem likely to increase with increasing distance between the
stimuli, as the mental representations must be maintained across a greater distance. Secondly, it
seems plausible that field independence demands increase at small distances between the
stimuli, as the distracter stimuli (the lines in the sample array that are adjacent to the correct
option) are in close proximity to the target stimulus. Thus, these conditions can begin to test
whether the male advantage on the JLAP (Collaer & Nelson, 2002) is potentially a result of
field independence and/or space constancy. Specifically, an increased male advantage on the
'far' condition would suggest that space constancy contributes more than field independence to
the observed sex difference. Conversely, an increased male advantage on the 'near' condition
would suggest that field independence is an important determinant of the size of the sex
difference. Similarly, within-sex differences on these conditions may be useful in determining
whether space constancy or field independence is more difficult to maintain when performing
this task.
In terms of handedness and menstrual status effects, any significant differences are
likely to favour right-handers over left-handers and menstruating over non-menstruating
females, assuming that this task taxes similar abilities to mental rotation. However, it is not
necessarily clear that performance on MRT should predict performance on the JLAP, since they
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involve different combinations of allocentric processing, coordinate processing, rotation, and
comparison (although these constructs and their computational requirements overlap).
9.1.1.3 Parallel lines task
A computational analysis of the JLAP suggests that it relies on space constancy, but
may also involve the perception of 'parallel' as a spatial property. The judgement of orientation
seems to be a Euclidian, geometric property, which is expected to show a male advantage (see
the vertical lines task below), but the judgement that two lines are parallel is relational.
Furthermore, parallelism is related to the basic perceptual cue of symmetry, which is unlikely to
show a clear sex difference, as both males and females need to be able to readily and accurately
perceive this spatial property (for example in judging the facial attractiveness of mates). It may
be the case that highly accurate judgements of parallel are based on coordinate information, but
discriminating between lines in the 15° increments used in the JLAP does not seem
computationally difficult enough to strongly tax a coordinate system. Thus, it seems most likely
that space constancy rather than the perception of 'parallel' underlies the male advantage on the
JLAP reported by Collaer and Nelson (2002).
In order to investigate this possibility, however, a task was devised in which
participants must judge whether two rapidly-presented sloping lines are parallel or not. These
lines are presented in close proximity, so space constancy is not required to mentally shift one
representation toward the other (unlike in the JLAP). The angular discrepancy between the
orientation of these lines may vary in 1° increments by between 0° and 6°, so relatively accurate
judgements are thus required. (Indeed, pilot testing revealed that this task is surprisingly
difficult.) This task is thus seen as a measure of sensitivity to the spatial property of parallelism,
which may arguably be considered coordinate. However, this relational judgement cannot
involve the use of distal geometric reference cues such as the sides of the computer screen,
which provide no information about whether the two lines are parallel or not. Since the use of
distal geometric reference cues is argued by Collaer and Nelson (2002) to be an essential part of
the male JLAP coordinate-based advantage (as above), it is hypothesized that males are unlikely
to show an advantage on this task. The lack of a sex difference would suggest that space
constancy seems to be the most significant source of the male advantage on the JLAP (and the
MRT), and that the attention to and use of geometric reference cues seems to be an essential
component of the hypothesized male advantage in sensitivity to coordinate information.
To the author's knowledge, this task has not been used in relation to the study of sex
differences in spatial cognition, and thus predictions of the effects of menstrual status,
handedness, and visual field are speculative. If this indeed requires relatively accurate
coordinate encoding, then any significant advantages are likely to favour menstruating rather
than non-menstruating females, right-handers rather than left-handers, and the left visual field
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(right hemisphere) over the right visual field (left hemisphere). However, since this is not
clearly a coordinate task, no strong group differences are predicted.
9.1.1.4 Vertical lines task
Whereas the parallel lines task measures sensitivity to potentially coordinate (but
relational) properties of spatial relationships without the use of geometric reference cues, it will
be useful to use a contrasting task that clearly uses geometric reference cues to make coordinate
judgements, but that does not involve the space constancy required by the JLAP. In order to
fulfil these computational requirements, a simple task was devised in which participants must
judge whether rapidly presented lines are vertical, or tilted left or right. To the author's
knowledge, this task has not been used to study sex differences. However, if males have an
advantage in sensitivity to coordinate, Euclidian information (such as accurate judgements of
orientation) when attending to geometrical reference points (such as the sides of the computer
screen), then an advantage on this task would offer strong support for the proposed model. This
result would also suggest that field independence (i.e. ignoring the tilted frame) does not seem
to be necessary in producing the male advantage on the rod-and-frame task. Given that this task
seems to involve all of the computational requirements hypothesized to be male-typical (and
seemingly no other spatial requirements that may not differentiate between the sexes), a large
male advantage is hypothesized. This task thus provides a test of the predictive utility of the
proposed model.
Since this task is also unique, hypotheses regarding the effects of handedness, menstrual
status, and hemispheric specialization are speculative. Again, any significant effects are likely
to favour right-handed participants and right-hemisphere processing. Possible menstrual status
effects are again unclear, although it seems most likely that any advantage should favour
menstruating over non-menstruating females, since spatial abilities in general are hypothesized
to be relatively enhanced, or at least not actively inhibited, during this stage of the reproductive
cycle.
Another advantage of using this task is that it provides a control for the tilt illusion task
(described below). That is, it is useful to measure sex differences in the accuracy of perceiving
vertical prior to examining how this skill is affected by inducing a geometric illusion that shifts
perceived vertical. As a result, the basic stimulus used in this task will be the centre of the tilt
illusion, without the outer circle and tilted lines (see below); this is essentially a series of
evenly-spaced parallel lines, contained in a circle. (Note that the circle does not preclude the use
of geometric reference points, such as the sides of the screen.)
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9.1.1.5 The coordinate LDT
In light of the results of the coordinate LDT used in Experiment C, another version of
this task (used by Roth & Hellige, 1998; also Hellige & Cumberland, 2001) will be used. This
will involve participants judging whether a horizontal line can fit in the space between two
horizontal dots (an example is shown in the relevant methods section below). It is hypothesized
that this task cannot be performed using a coarse categorical conception of coordinate
information (such as relatively near and relatively far, as in Experiment C), and as such a male
advantage is predicted. This task is seen to tax more clearly the hypothesized male-typical
accurate coordinate encoding, so a male advantage on this task would offer support for the
proposed model.
Since this task is considered to be a relatively pure measure of coordinate processing, it
is hypothesized that any handedness effects should favour right-handers, and that any visual
field effects should favour the LVF (right hemisphere). Again, it is not clear that menstrual
status effects should be expected, as it is unclear which spatial skills (or combinations of skills)
underlie the relationship between hormonal status and MRT.
9.1.2 Geometric illusions
The tasks used in this group are designed to examine the extent to which any male
coordinate advantage is the result of field independence and/or the use of geometric reference
cues. That is, lack of sensitivity to illusions of coordinate and Euclidian properties (such as
distance and angular orientation) suggests the use of field independence or geometric reference
cues that are distal to the illusory stimulus (such as the edges of the computer screen), while
sensitivity to such illusions indicates field dependence, or the use of proximal geometric
reference cues that are misleading. These tasks are essentially exploratory, and are used to
provide further insight into the potential organization and structure of spatial modules dealing
with different types of spatial information.
9.1.2.1 The herringbone illusion
Rasmjou, Hausmann, and Guentuerkeun (1999) review evidence on the relationships
between sensitivity to geometric illusions, sex, and hemispheric specialization. They
suggest that while the majority of studies report no sex difference in sensitivity to
illusions such as the Müller-Lyer (for example Porac, Coren, Girgus, & Verde, 1979),
some hemispheric specialization studies suggest that the right hemisphere is more
prone to be deceived than is the left hemisphere (although there is no clear consensus
on this finding; Rasmjou et al., 1999). Given the observed sex difference in
lateralization of function (discussed previously; see Kimura, 1999), Rasmjou et al
163
(1999) propose that any sex difference in susceptibility to geometric illusions may be
masked by foveal presentation. Accordingly, they found that males were significantly
more likely to perceive an illusion when it was presented to the right hemisphere than
when presented to the left, while females showed hemispherically symmetrical
patterns of responding. This result is of interest for the current model, as it suggests
that in males, the coordinate processing performed by the right hemisphere may either
depend on local geometric reference cues (i.e. those cues that shape the illusion), or is
relatively field-dependent.
Rasmjou et al. (1999) used the herringbone illusion, which involves the following four
stimuli:
Figure 14. The herringbone illusion. The first two stimuli are squares, and the second two are
trapezoids. However, the second shape appears to be a trapezoid as a result of the 'herringbone'
lines it contains. Note that this illusion appears more strongly when presented without the
surrounding comparison shapes.
This illusion is robust to rapid presentation to one visual half-field (unlike many
standard geometric illusions, such as the Müller-Lyer; Rasmjou et al., 1999), and is thus ideal
for examining any interactions between sex and hemispheric specialization. While Rasmjou et
al. (1999) used an immediate matching paradigm requiring participants to decide which of two
figures (appearing on either side of a central fixation cross) was a trapezoid, the current study
will require absolute judgments. That is, in order to allow comparisons to other tasks requiring
coordinate judgements based only on geometric reference cues that are external to the stimulus
display (such as the vertical lines task and the coordinate LDT), this version will involve the
rapid presentation of a single stimulus on each trial. Thus, in this version, participants will
simply be required to judge whether the presented shape is a square or a trapezoid. Following
Rasmjou et al. (1999), it is hypothesized that there is unlikely to be a sex difference in overall
accuracy in perceiving the non-illusory shapes (i.e. the basic square and trapezoid), and that
males are more likely to show hemispheric asymmetry in response to the target illusory shape.
However, this task is largely exploratory, and results will be primarily of use in
examining the role of field independence and geometric reference cues in right-hemisphere
coordinate processing in males. If, for example, males have an advantage in field-independence
and/or an increased use of external geometric reference cues, then it is likely that males will be
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less susceptible to the illusion. That is, the perceptual distinction between a square and a
trapezoid is based on sensitivity to the metric distance equivalence of the top and bottom
horizontal lines, so ignoring the internal lines or using the sides of the screen will result in more
accurate judgments of shape. If on the other hand coordinate processing in males relies on
reference cues that are intrinsic to the stimulus (in this case the illusory herringbone lines), then
males will be overall more susceptible to the illusion. Given the results of Collaer and Nelson
(2002) in suggesting that males make specific use of external geometric reference cues (in their
case the sides of the testing paper), the former result seems more likely.
The likely effects of hemispheric specialisation, handedness, and menstrual status are
not entirely clear. For example, while coordinate processing is hypothesized to be right-
hemisphere-dominant, it is not known whether field independence shares this hemispheric
organization. Similarly, the relationship between lateralization of function (as associated with
handedness and menstrual status) and field independence is not known. As such, it seems
plausible that this task will also favour right-handers, the right hemisphere, and menstruating
females (given the coordinate content), although strong predictions are not made, and results are
instead seen as potentially providing direction for future research and refinements to the
proposed model. Note that this also applies to the tilt illusion, discussed as follows.
9.1.2.2 The tilt illusion
The tilt illusion (TI) is a commonly used perceptual task in which a vertical test grating
appears tilted when surrounded by a tilted 'inducing' grating (for example Johnstone &
Wenderoth, 1989; Smith & Wenderoth, 1999; Wenderoth & Johnstone, 1985; Wenderoth &
Johnstone, 1988; Wenderoth, Johnstone, & Van der Zwan, 1989). One common version, known
as the 'direct' tilt illusion, involves presenting the inducing grating tilted at 15° right of vertical;
this causes the test grating to appear tilted toward the left (Wenderoth & Smith, 1999). This will
be the version used in the current study.
The TI seems to measure the effects of field independence and/or the use of external
geometric reference points on sensitivity to geometric, Euclidian properties (i.e. the perception
of 'vertical'). That is, the accurate perception of vertical in the TI may be a result of ignoring the
inducing grating, or of using external geometric reference cues (the side of the computer
screen). Thus, the vertical lines task (discussed above) provides an essential control: a male
accuracy advantage on the TI (i.e. a reduced susceptibility to the illusion) but not on the vertical
lines task would show that the male advantage in sensitivity to coordinate information is
specifically in field independence. Conversely, a male accuracy advantage on the vertical lines
task but not on the tilt would suggest that males are better able to use geometric reference cues,
but that this is impaired by distracting proximal information (i.e. that there is no clear male
advantage in field independence per se). A third possibility is that males are likely to show an
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accuracy advantage on both tasks; this is hypothesized to be the most likely. This result would
suggest that males have an advantage in sensitivity to accurate coordinate information using
external geometric reference cues, and that this is relatively robust to the effects of interference
from distracting or conflicting proximal information.
This latter hypothesis is not only compatible with previously discussed results on the
JLAP and rod-and-frame tasks, but is based on the computational requirements of survey-based
wayfinding. That is, navigation by use of allocentric and Euclidian cognitive maps requires
attending to the metric properties of distal landmarks, and ignoring distracting proximal
information that may mask or distort metric properties. For example, following the curve of a
river may make it difficult to encode the vector to its starting point, unless directional properties
of fixed distal landmarks (such as the sea, or the sun) are preferentially attended to. To the
author's knowledge, sex differences in sensitivity to the TI have not been examined, which
again provides an example of the utility of an evolutionary model in generating testable
hypotheses.
9.1.3 Categorical Encoding
Tasks in this group are designed to examine the limits of the female advantage observed
in experiments A and B.
9.1.3.1 Rapid object array task
A novel task involving the rapid presentation of a very small array of basic objects was
developed in order to examine the limits of female-typical categorical object-to-position-
assignment and male-typical configural encoding. Specifically, this task involves briefly
presenting an array of three simple shapes (such as a circle, a triangle, and a square) to one
visual field, and then, after a delay of one of two durations (either a short delay of 100ms or a
longer delay of 750ms), presenting a multiple-choice sample of four arrays containing the same
objects in different configurations, but in another area of the screen.
This task provides a useful test of sex-typical differences in encoding small arrays of
objects. Firstly, this task will be useful in assessing whether the female advantage in relational
OTPA is indeed limited to tasks that use a large number of objects and which tax short-term
memory, as hypothesized following experiments A and B. The lack of a female advantage in
object array tasks using a small number of objects (reported by Postma et al., 1998) was
previously interpreted as suggesting that the number of objects used is integral to eliciting a
female advantage. However, it may potentially be the case that task difficulty, rather than the
number of objects per se, is the source of the female advantage in OTPA tasks with a greater
number of objects (such as the Location Exchange tasks). Thus, task difficulty in this case is
increased by using rapid presentation and a difficult multiple-choice paradigm, even though
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only three objects are used in each trial. Accordingly, a female advantage on this task would
suggest that females can show an advantage in performing object-to-position assignment, even
using only a small number of objects, given appropriate levels of task difficulty. Furthermore,
an increase in a female advantage when using longer delays would suggest that short-term
memory (rather than encoding capacity per se) is an important component of the female
advantage on the Location Exchange task. Thus, the lack of a female advantage on either
version of this task would offer support for the hypothesis that the female advantage in
relational OTPA is only elicited when taxing encoding capacity and attentional bias, for
example by using a large number of objects.
Secondly, this task will be useful in assessing whether the male advantage in coordinate
encoding of configural information (as observed in Experiment C) extends to encoding the
configurations of small groups of objects, and whether this representation has space constancy.
That is, the sample and comparison stimuli will be presented in different positions on the
screen, so an optimal representation of their spatial relationships must be either relational (i.e.
based on categorical OTPA, which is not hypothesized to be male typical), or must have space
constancy. A male advantage on this task would thus imply that the coordinate configural
representations of distinct objects may have space constancy, and as a result can be mentally
moved from their original positions. If such a result is found, then the moveable coordinate
representation hypothesized to underlie it may also underlie the male advantage in the MRT and
object array tasks (and potentially the JLAP, if the results of Collaer & Nelson, 2002, are
replicated), even though they involve single objects rather than small groups. It is hypothesized
that this male advantage (rather than the potential female advantage discussed above) will be
found on this task, since the female advantage is hypothesized not to extend to sensitivity to
categorical relationships, but the male advantage in coordinate configural encoding should be
capable of encoding the positions of a small group of objects and maintaining space constancy
across relatively modest working memory demands. This is proposed to be a result of encoding
configural information about coordinate, Euclidian relationships in the formation of survey-
based cognitive maps (as associated with hunting).
Since this task is entirely novel, it is difficult to hypothesize about the relationships
between handedness, hemispheric specialization, and hormonal status. If it in fact measures
male-typical coordinate configural encoding and space constancy, then an advantage for right-
handers, the right hemisphere, and menstruating females seems plausible. If, however, males
and females complete this task using different types of spatial information and representations
with varying efficiency, then clear effects of any of these variables are unlikely.
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9.1.3.2 The categorical LDT
The categorical version of the LDT used in this experiment is the complement of the
coordinate version (above), and requires participants to judge whether two horizontally
separated dots are above or below a horizontal line (Roth & Hellige, 1998; Hellige &
Cumberland, 2001). This task is essentially the same as the categorical LDT used in Experiment
C, the only significant difference being that it uses two dots instead of one. As a result, the same
predictions are made: there is unlikely to be a female advantage in sensitivity to categorical
information, as this is not a computational requirement of a route-based wayfinding strategy or
gathering.
Since this task does not seem to differentiate between the sexes, an effect of hormonal
status is not anticipated. Following Kosslyn et al. (1989), a left-hemisphere advantage is likely,
but only in right-handed participants (Jager & Postma, 2003).
9.2 Methods
9.2.1 Participants
Participants were 190 undergraduate psychology students (148 females and 42 males)
undertaking a first-year psychology course at the University of Wollongong. Ages ranged from
17 to 52, with a median of 19. All participants completed all tasks, and all had normal or
corrected-to-normal vision.
9.2.2 Procedure
All participants initially completed the Edinburgh Handedness Inventory (Oldfield,
1971), which resulted in a handedness score between 20 (strongly right-handed) and –20
(strongly left-handed). Participants were then asked to enter biographical information (age, sex,
and handedness score) into the computer, and were required to indicate whether they were
currently menstruating or not. The latter process was entirely anonymous, and the experimenter
was not aware of the hormonal status of any individual female participant; this information was
stored by the computer with their response and other biographical data, and contained no
information regarding personal identity. Following this, participants were administered a series
of eight task types, presented in random order. Within each task type, trials (and conditions)
were randomised. These tasks were: a basic mental rotation task, used as a control measure; the
JLAP, with 'near' and 'far' conditions; a judgement of vertical task; a judgement of parallel lines
task; a second version of the LDT, with categorical and coordinate conditions; a rapid object
array task, with short- and long-delay conditions; a herringbone illusion; and a tilt illusion. Each
task began with an instruction screen, which briefly described the nature of the task, detailed the
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response method, and directed the participants to complete the task as quickly but as accurately
as possible.
In all cases except the MRT and the JLAP, visual field effects were examined by
presenting half the trials to one side of the screen (visual angles and presentation times are
detailed below). In order to maintain equal visual angles throughout the experiment, participants
used a chin-rest that kept their eyes 42cm from the midpoint of the screen. Central fixation,
which is required in visual half-field studies, was ensured by presenting a fixation cross before
each trial, and by randomising the order of trials involving lateralized presentation, in addition
to specifically requesting that the participants direct their gaze at the fixation cross at the start of
each trial. That is, it was not possible to predict whether any given trial would present a
stimulus to the LVF or RVF, so fixating on one side of the screen during each trial could not be
used to improve performance. Tasks were programmed in RSVP experimental control software
(Pepper & Tarr, available from http://www.cog.brown.edu/~tarr/RSVP/), and run on Power Mac
7200 computers using the Mac OS 9.2 operating system. All were presented on a 15-inch Apple
Multiple Scan monitor with a 600x800 resolution, and participants responded via the keyboard
for all tasks. Participants were tested in groups of between 5 and 7, in a quiet, supervised room
with dimmed lighting. The testing session lasted for approximately 50 minutes per participant.
9.2.2.1 Mental Rotation
Stimuli. Stimuli consisted of the same mirror-image objects used in Experiments A and B,
rendered in 30° increments through 360°. Thus, there were a total of 24 images used,
representing two objects.
Task. Again, this task involved a forced-choice procedure in which participants were asked to
decide if two simultaneously-presented 3D shapes represented the same object, regardless of
orientation. The task consisted of 52 randomly-ordered trials, half of which were ‘same’, and
half of which were ‘different’. As per experiments A, B, and C, participants were required to
record their decision by pressing the ‘S’ key for ‘same’ or the ‘D’ key for ‘different’. After each
trial, participants received feedback on their performance. Accuracy (percentage correct) and
reaction time (ms) were recorded as measures of performance.
9.2.2.2 JLAP
The JLAP task consisted of two conditions: a 'near' condition, in which the target and
sample stimuli (see Figure 15 below) are vertically separated by approximately 5cm, and a 'far'
condition, in which the separation is 15cm. Both conditions were run concurrently, so
participants completed only one block, in which trials from both conditions were randomly
ordered. Thus, the conditions are described together as follows.
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Stimuli. Stimuli were created using AppleWorks version 6.2.2, and were anti-aliased to ensure a
smooth on-screen appearance for all line orientations. Each trial consisted of two stimuli.
Firstly, toward the bottom of the screen (horizontally-centred) was a sample array of 13 lines
(each labelled with a letter) radiating from a central origin, spanning an arc of 180°, arranged in
15° increments, each with a length of 30mm. Secondly, higher in the centre screen (exact
distance from the sample array depended on the condition) was a target line 10mm in length,
oriented in the same direction as one of the lines in the sample array. See Figure 15 below.
Figure 15. An example of a trial in the JLAP. The task is to determine which of the lines in the
sample array (bottom) is parallel to the target line. Note that the distance between the sample
array and the target stimulus is not representative of the actual task, in which the distance was
either 5cm or 15cm, depending on the condition. The correct answer in this example is 'J'.
Task. Prior to the initiation of the task, participants were presented with an instruction screen
describing the basic nature of the task, and requesting them to respond as quickly and as
accurately as possible. There were 48 trials in the task, half of which were 'near', and half of
which were 'far'; all line orientations were equally represented in both conditions. Each trial
involved the presentation of a fixation cross in the centre of the screen for 1500ms, followed by
the presentation of the sample stimulus, which persisted until the participant responded by
pressing the letter on the keyboard that corresponded to the line on the array (i.e. A through to
L). Participants received feedback on their performance (i.e. a 'beep' sounded if they were
incorrect), and there was a 500ms pause before the beginning of the next trial. Accuracy and
reaction time were recorded, although given the potentially large individual differences in
typing skills, accuracy is considered to be the primary measure of performance on this task.
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9.2.2.3 Vertical lines task
Stimuli. Stimuli were created in AppleWorks version 6.2.2, and were anti-aliased in order to
ensure a smooth on-screen appearance for all orientations. All stimuli consisted of 4 vertical or
near-vertical lines 6.5mm apart, bound by a circle. The diameter of the circle subtended a visual
angle of 7.2°, and was presented so that the middle edge was 4° of visual angle from the centre
of the screen. See examples in Figure 16 below.
Figure 16. Examples of stimuli used in the vertical lines task. The first stimulus is vertical, the
second is tilted to the left, and the third is tilted to the right.
Task. There were a total of 98 randomly-ordered trials, which were divided into two sections of
49 trials, with a self-timed break in between. Half the trials were presented to the LVF, and half
were presented to the RVF; the order of trials was randomised, so participants could not
anticipate which visual field would be presented to on any given trial. Before initiation of this
task, participants were presented with an instruction screen, which detailed the nature of the
task. Participants were required to decide whether the lines in the circle were vertical, or tilted
left or right. Specifically, pressing the 'c' key represented 'left', the 'v' key represented 'vertical',
and the 'b' key represented 'right'; these keys were chosen due to their relationship to each other
on the keyboard.
Each trial began with a central fixation cross for 1500ms, followed by the presentation
of the stimulus for 100ms. After responding, participants did not receive feedback; this was to
maintain consistency with the tilt illusion, which featured the same stimuli (with the addition of
an outer circle and right-tilting lines; see below), but did not involve feedback because the
subjective strength of the illusion was of primary interest. The participant's response was
followed by a 500ms inter-trial interval. Accuracy and reaction time were recorded as measures
of performance.
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9.2.2.4 Parallel lines task
Stimuli. Stimuli were created in AppleWorks version 6.2.2, and were anti-aliased in order to
ensure a smooth on-screen appearance for all line orientations. All stimuli consisted of 2
parallel or near-parallel lines 80mm in length, and approximately 35mm apart. Lines were at an
orientation of between 4° and 10° to the left of vertical, in 1° increments (the angular
discrepancy between each pair of lines thus ranged from 0° to 6°). The overall stimulus
subtended a visual angle of 4.8° horizontally, and was presented so that the innermost line was
4° of visual angle from the centre of the screen. Half the trials involved the presentation of the
same line (i.e. the lines were parallel), and half the trials involved the presentation of different
lines (i.e. the lines were not parallel). See examples in Figure 17 below.
Figure 17. Examples of stimuli used in the parallel lines task. The lines in the first stimulus are
not parallel, while the lines in the second stimulus are parallel.
Task. There were a total of 98 randomly-ordered trials, which were divided into two sections of
49 trials, with a self-timed break in between. Participants were required to decide whether the
lines were parallel (represented by the 'v' key) or not parallel (represented by the 'm' key). For
both 'parallel' and 'not-parallel' trials, half were presented to the LVF, and half were presented to
the RVF. As discussed above, the order of trials was randomised, so participants could not
anticipate which visual field would be presented to on any given trial.
Each trial began with a central fixation cross for 1500ms, followed by the presentation
of the stimulus for 100ms. After responding, participants received feedback in the form of a
'beep' if they were incorrect. This was followed by a 500ms inter-trial interval. Accuracy and
reaction time were recorded as measures of performance.
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9.2.2.5 The LDT
This task involved two conditions, presented in random order: a categorical condition
and a coordinate condition. Since these varied only in the response required by the participant,
they are described together as follows.
Stimuli. Stimuli were created in AppleWorks version 6.2.2, and were anti-aliased in order to
ensure a smooth on-screen appearance. Stimuli were similar to those used by Rybash and Hoyer
(1992; also Roth & Hellige, 1998; Hellige & Cumberland, 2001). The same stimuli were used
for the categorical and coordinate tasks. These consisted of (a) two small square dots positioned
along the same horizontal plane, each measuring 4 x 4 mm, and (b) a horizontal line measuring
4mm in height, and either 16, 26, or 36mm in length. The dots could appear 11mm above or
below the line, and the horizontal distance between them varied with the length of the line. In
all cases, however, the distance between the dots was either 4mm less than the length of the line
(i.e. the dots were 'close'), or 4mm more than the length of the line (i.e. the dots were 'wide').
For each length of line, dots could appear in one of four configurations: above the line and
'close'; above the line and 'wide'; below the line and 'close'; or below the line and 'wide'. This
resulted in 12 distinct stimuli. A central fixation cross measuring 10 x 10 mm was used to mark
the centre of the screen before each trial. See examples of stimuli in Figure 18 below.
Figure 18. Examples of stimuli used in the second version of the LDT. In the categorical
condition, examples 1 and 3 (left to right) are classed as 'above', and example 2 is classed as
'below'. In the coordinate condition, the line fits between the dots for examples 2 and 3, but not
for example 1.
Task. Participants completed two separate randomly-ordered blocks of 48 trials: a coordinate
block and a categorical block. Each block contained the same set of stimuli, but trials within
each block were presented in random order. On the categorical task, participants were instructed
to determine whether the dots were above or below the line (by pressing the 'v' or 'm' key
respectively). On the coordinate task, participants were instructed to determine whether the line
would fit between the dots or not (by pressing the 'v' or 'm' key respectively). On all trials, the
stimulus was centred vertically, and was presented to one visual field, 4° of visual angle from
the horizontal centre of the screen. For both conditions, half the trials involved LVF
presentation, and half involved RVF presentation of the stimulus.
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On each trial, a central fixation cross was presented for 1500 ms, followed by the
presentation of the stimulus for 100 ms. After responding, participants received feedback in the
form of a 'beep' if they were incorrect. This was followed by a 500 ms inter-trial interval.
Accuracy and reaction time were recorded as measures of performance.
9.2.2.6 Rapid object array
This task involved two conditions, presented concurrently: a short-delay (100ms)
condition and a long-delay (750ms) condition. Since these varied only in the delay between the
sample and target stimuli, they are described together as follows.
Stimuli. Stimuli were created in AppleWorks version 6.2.2, and were anti-aliased in order to
ensure a smooth on-screen appearance. Stimuli were six simple two-dimensional shapes (circle,
square, triangle, diamond, cross, and parallelogram), each of which was filled with solid black.
These were arranged in 24 unique arrays of three shapes; the array subtended a visual angle of
approximately 8°. Each array was paired with a multiple-choice set of four arrays all containing
the same objects and the same positional locations, but only one of which contained the same
spatial arrangement. See examples of stimuli in Figure 19 below.
Figure 19. Examples of stimuli used in the rapid object array task. The top configuration is
rapidly presented to one visual field, and then after a delay (100ms or 750ms, depending on the
condition), the multiple choice configurations are presented. Note that all choices involve the
same object identities and positional locations, but different object-to-position assignment. In
this example, the correct answer is 'A'.
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Task. Participants completed 96 randomly-ordered trials, divided into three blocks, with a self-
timed break between each. Participants were instructed to identify which of four object arrays
matched a rapidly-presented sample array, by choosing the letter on the keyboard that
corresponded to their choice (i.e. 'A', 'B', 'C', or 'D'). On all trials, the sample was centred
vertically, and presented to the LVF or RVF, 4° of visual angle from the midpoint of the screen.
The multiple-choice stimulus was horizontally centred, but was presented in the bottom half of
the screen. As a result, the two stimuli did not overlap spatially. In order to reduce visible
persistence, black stimuli were presented on a white background, as rapidly as pilot testing
showed was reasonable.
In half the trials, the sample array was presented to the LVF; the other half involved
presentation to the RVF. For each visual field, half the trials were short-delay trials (100ms),
and half were long-delay trials (750ms). On each trial, a central fixation cross was presented for
1500ms, followed by the presentation of the sample stimulus for 180ms. After a delay (either
100ms or 750ms), the multiple-choice stimulus was presented until the participant responded.
After responding, participants received feedback in the form of a 'beep' if they were incorrect.
This was followed by a 500 ms inter-trial interval. Accuracy and reaction time were recorded,
although given the potentially large individual differences in typing ability, accuracy is
considered to be the primary measure of performance on this task.
9.2.2.7 Herringbone illusion
Stimuli. Stimuli were created in AppleWorks version 6.2.2, and were anti-aliased in order to
ensure a smooth on-screen appearance. Stimuli were four shapes: (1) a square with diagonal
lines in it, (2) a square with herringbone lines in it (note that this is the shape of interest, as the
square appears to be a trapezoid as a result of the herringbone lines), (3) a trapezoid with
diagonal lines in it, and (4) a trapezoid with herringbone lines in it. Each subtended a visual
angle of approximately 10° vertically and horizontally. See Figure 20 below.
Figure 20. Examples of stimuli used in the herringbone illusion task. Note that the second
stimulus (left-to-right) appears to be a trapezoid, although it is actually a square. The first, third,
and fourth shapes are essentially control shapes.
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Task. Participants completed 40 randomly-ordered trials, in which they were instructed to
determine whether a stimulus was a square (by pressing 'v') or a trapezoid (by pressing 'm').
Note that as part of the instructions, participants were given definitions of a square and a
trapezoid, with particular reference to the trapezoidal configuration (i.e. having the top shorter
than the bottom) used here. On all trials, the stimulus was centred vertically, and was presented
to the LVF or RVF, 4° of visual angle from the midpoint of the screen. In total, each of the four
stimuli was presented 10 times: 5 times to the LVF, and 5 times to the RVF. On each trial, a
central fixation cross was presented for 1500ms, followed by the presentation of the stimulus
for 150ms. After responding, participants did not receive feedback, since the subjective illusory
perception was of primary interest. Thus, the response was followed by a 500 ms inter-trial
interval. Accuracy and reaction time were recorded as measures of performance.
9.2.2.8 Tilt illusion
Stimuli. Stimuli were created in AppleWorks version 6.2.2, and were anti-aliased in order to
ensure a smooth on-screen appearance. Stimuli consisted of two concentric circles measuring
approximately 4° and 11° of visual angle in diameter. The outer circle contained lines tiled 15°
to the right of vertical, and spaced approximately 0.9° of visual angle apart. The inner circle
also contained lines spaced 0.9° apart, but these were presented in 25 different orientations, in
1° increments between 12° to the left and 12° to the right. There were thus 25 unique stimuli
used, which varied only in the orientation of the lines in the inner circle. See examples in Figure
21 below.
Figure 21. Examples of stimuli used in the tilt illusion task. The lines in the inner circle appear
to be tilted more to the left of vertical than they actually are. In the first example they are tilted
4° to the left, in the second they are tilted 1° to the right, and in the third they are tilted 7° to the
right. The illusion is stronger when presented rapidly.
Task. Participants completed 250 randomly-ordered trials, which were divided into 4 blocks,
with a self-timed break between each. Participants were instructed to determine whether the
lines in the inner circle were tilted left (by pressing 'v') or right (by pressing 'm'). On all trials,
the stimulus was centred vertically, and was presented to the LVF or RVF, 4° of horizontal
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visual angle from the midpoint of the screen. In total, each stimulus was presented a total of 10
times: 5 to the LVF, and 5 to the RVF. On each trial, a central fixation cross was presented for
1500ms, followed by the presentation of the stimulus for 180ms. After responding, participants
did not receive feedback, since the subjective illusory perception was of primary interest. Thus,
the response was followed by a 500ms inter-trial interval. Accuracy and reaction time were
recorded as measures of performance.
9.3 Results
9.3.1 Exploratory data analysis
Reaction time and accuracy were recorded for all subjects. Exploratory data analysis
was performed on all remaining data, and outliers (mean scores for an individual subject which
were greater than 2.5 standard deviations from the mean of that sex) were removed. In addition,
a number of subjects reported not having read the instructions on the tilt illusion task, and
responded to the orientation of the lines in the outer circle (i.e. the inducing grating) rather than
the lines in the inner circle (the test grating). (Note that this was in fact anticipated, and
participants were given explicit verbal instructions before the experiment, clear on-screen
instructions immediately before the task, and written instructions on a reminder sheet during the
task. However, a method for ensuring that participants read and comply to instructions is yet to
be devised.) In order to screen for this, subject's data were removed if they responded 'right' to
60% or more of the trials on which the test grating was tilted maximally to the left (12°).
According to this minimum accuracy criterion, the data from 35 females and 4 males were
removed. All data were screened for anomalous responding that would not be revealed by
assessing accuracy (for example answering 'same' on all MRT trials), but no other data were
removed as a result.
Subjects were classed as right-handed if they scored 10 or more (out of a possible 20)
on the Edinburgh Handedness Inventory, or non-right-handed if they scored 9 or lower.
According to this criterion, 128 (out of 148) females were right-handed, and 35 (out of 42)
males were right-handed. According to the self-report measure of menstrual status, 33 females
were menstruating at the time of testing. Means and standard deviations for males and females
are summarised as follows.
Table 18. Means and standards deviations for males and females on all tasks. 'SC' represents
'Score', and 'RT' represents 'Reaction Time'.
Females Males
Task Measure N Mean StDev N Mean StDev
Hand Score 148 13.70 7.42 42 12.62 7.60
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MRT SC 147 73.33 14.81 40 79.23 15.42
RT 147 2562.47 1241.15 37 2451.31 883.57
JLAP All SC 145 72.63 11.15 41 80.95 11.80
Far SC 143 75.06 10.91 41 82.52 11.79
Near SC 145 70.69 14.12 41 79.37 13.94
All RT 144 2796.44 657.99 38 2643.67 570.74
Far RT 146 2844.04 747.05 38 2623.51 578.88
Near RT 145 2809.62 694.08 40 2760.81 703.74
Parallel All SC 147 73.63 8.03 42 74.09 7.58
LVF SC 146 74.67 9.35 42 75.06 7.68
RVF SC 145 73.15 9.00 42 73.13 10.43
All RT 142 656.14 103.79 41 681.66 90.36
LVF RT 144 640.70 108.36 41 663.63 91.95
RVF RT 144 665.63 114.90 41 696.27 95.36
Vertical All SC 146 49.23 17.57 40 63.14 13.12
LVF SC 147 48.75 18.22 40 62.67 14.05
RVF SC 147 49.10 19.01 39 64.62 12.23
All RT 144 658.07 126.72 41 662.55 92.40
LVF RT 142 660.25 123.34 40 674.63 83.29
RVF RT 140 663.91 120.37 40 666.25 80.38
LDT Crd All SC 146 62.29 11.62 41 70.38 13.89
LVF SC 147 62.30 12.56 41 68.80 16.59
RVF SC 146 62.10 13.84 42 71.23 14.37
All RT 144 809.91 201.89 41 806.87 164.01
LVF RT 145 808.99 204.45 41 799.04 162.76
RVF RT 145 823.38 217.59 40 831.05 144.10
LDT Cat All SC 131 94.75 3.77 40 95.73 3.47
LVF SC 136 94.00 5.19 40 96.25 4.51
RVF SC 143 94.06 6.38 41 94.82 5.00
All RT 146 521.96 88.51 42 519.30 77.09
LVF RT 145 524.71 86.69 41 513.76 66.74
RVF RT 146 520.88 95.29 42 520.00 83.89
ROA Long All SC 142 82.63 9.96 42 85.02 9.77
Long LVF SC 144 82.26 11.62 39 87.18 7.67
Long RVF SC 141 82.95 10.47 41 85.47 10.71
Shrt All SC 141 72.95 10.81 40 77.40 10.27
Shrt LVF SC 144 71.53 12.94 41 76.32 13.35
Shrt RVF SC 144 73.23 12.65 42 76.79 12.45
Long All RT 144 2335.71 416.55 42 2344.50 466.90
Long LVF RT 147 2381.40 501.34 42 2364.31 474.23
Long RVF RT 145 2338.93 431.91 42 2343.37 501.94
Shrt All RT 144 2541.37 534.10 42 2691.69 613.28
Shrt LVF RT 146 2534.37 579.13 42 2687.32 631.23
Shrt RVF RT 143 2580.29 547.29 42 2722.63 648.75
Herr Overall SC 143 72.08 8.96 40 74.38 11.63
Target SC 147 40.95 23.36 42 49.29 23.10
LVF Overall SC 144 71.91 10.19 39 74.87 9.90
LVF Target SC 147 40.00 28.67 42 47.62 27.57
RVF Overall SC 144 72.01 11.52 40 74.88 13.89
LVF Target SC 147 41.90 30.28 42 50.95 32.52
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Overall RT 144 613.25 109.99 42 666.40 100.18
Target RT 143 661.58 145.44 42 730.93 177.08
LVF Overall RT 146 622.30 122.65 42 652.95 109.31
LVF Target RT 143 649.33 159.95 42 717.64 194.68
RVF Overall RT 145 616.21 124.21 42 680.24 103.79
LVF Target RT 145 678.57 180.79 41 734.71 180.95
Tilt All SC 113 74.98 8.84 38 79.09 8.05
LVF SC 113 73.85 9.64 38 79.75 8.70
RVF SC 113 76.11 9.35 38 78.44 8.72
All RT 113 672.04 110.07 38 697.14 97.51
LVF RT 113 661.19 109.28 38 690.79 93.38
RVF RT 113 680.14 111.59 38 704.87 99.71
Key for abbreviations: LDT Crd = LDT Coordinate; LDT Cat = LDT Categorical; ROA =
Rapid Object Array; Herr = Herringbone Illusion
9.3.2 Individual tasks
9.3.2.1 Mental rotation
Independent-samples t-tests were used to compare the sexes on this task. These revealed
a large male advantage in accuracy, as hypothesized (t185 = 2.216, p < .05, d = .80). There was
no significant sex difference in reaction time (t182 = .513, n.s.), although there was a small trend
toward a male advantage (mean difference = 111.15ms).
Further independent-samples t-tests revealed no effects of handedness on accuracy (t185
= .468, n.s.) or reaction time (t182 = .406, n.s.), and, for females, no effect of menstrual status on
accuracy (t145 = .121, n.s.) or reaction time (t145 = .676, n.s.).
9.3.2.2 JLAP
9.3.2.2.1 Initial planned comparisons
Independent-samples t-tests were performed comparing males and females on all
measures for this task. Results for accuracy and reaction time data are as follows.
9.3.2.2.1.1 Accuracy
As hypothesized, there was a very large male advantage when collapsed across
conditions (t184 = 4.164, p < .001, d = 1.48), and on both the 'far' condition (t182 = 3.791, p <
.001, d = 1.33) and 'near' condition (t184 = 3.486, p < .01, d = 1.31)
9.3.2.2.1.2 Reaction time
There was a non-significant trend toward a male advantage when collapsed across
conditions (t180 = 1.307, p = .193, mean difference = 152.77ms), a marginally significant male
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advantage on far condition (t182 = 1.691, p = .093, mean difference = 220.53ms), and no sex
difference on the near condition (t183 = .393, n.s.).
9.3.2.2.2 Condition effects
Repeated-measures ANOVAs were performed, examining interactions between
condition (i.e. near or far) and the primary between-subjects variable of sex, as well as the
covariates laterality and menstrual status. Results for accuracy and reaction time data are as
follows.
9.3.2.2.2.1 Accuracy
There was a significant main effect of sex (F(1, 180) = 17.04, p < .001), and pairwise
comparisons show that this reflects an overall male advantage (mean difference = 8.394, p <
.001). There was also a  significant main effect of condition (F(1, 180) = 6.12, p < .05), and
pairwise comparisons show that this reflects an overall advantage in the far condition (mean
difference = 3.464, p < .01).
There were no significant main effects of laterality (F(1, 180) = .235, n.s.) or menstrual
status (F(1, 180) = .737, n.s.), and no significant interactions between condition and sex (F(1,
180) = .695, n.s.), handedness (F(1, 180) = .348, n.s.), or menstrual status, although the latter
showed a small trend (F(1, 180) = 1.959, p = .163).
9.3.2.2.2.2 Reaction Time
Results showed no significant main effects of sex (F(1, 178) = 1.43, n.s.), condition
(F(1, 78) = 1.002, n.s.), laterality (F(1, 178) = .097, n.s.), or menstrual status (F(1, 178) = .000,
n.s.). There were no significant interactions between condition and sex (F(1, 178) = .692, n.s.),
handedness (F(1, 178) = .331, n.s.), or menstrual status (F(1, 178) = 2.230, n.s.).
9.3.2.2.3 Handedness effects
Independent-samples t-tests were performed to examine performance differences in
right- and left-handers across all measures. These revealed no significant effects for any of the
accuracy or reaction time measures of JLAP performance
9.3.2.2.4 Hormonal status effects
Independent-samples t-tests comparing performance of females who were menstruating
with those who were not menstruating revealed no significant differences.
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9.3.2.3 Parallel lines
9.3.2.3.1 Initial planned comparisons
Independent-samples t-tests were performed comparing males and females on all
measures for this task. Results for accuracy and reaction time data are as follows.
9.3.2.3.1.1 Accuracy
There were no significant sex differences on accuracy scores for the overall task (t187 =
.332, n.s.), LVF trials (t186 = .243, n.s.), or RVF trials (t185 = .014, n.s.). However, there was a
significant male advantage on 'parallel' trials (male mean = 80.22, female mean = 78.04, t187 =
1.97, p < .05), but not on 'not parallel' trials (male mean = 67.98, female mean = 68.82, t187 =
0.679, n.s.). The differences in accuracy for the 'parallel' and 'non-parallel' trials suggests that
participants were overall more likely to answer 'parallel' (and thus to make more false positives
than misses), and that males were more likely to do this than were females.
9.3.2.3.1.2 Reaction time
There were no significant sex differences on reaction time scores for the overall task
(t181 = 1.425, n.s.), LVF trials (t183 = 1.234, n.s.), or RVF trials (t183 = 1.561, n.s.).
9.3.2.3.2 Visual field effects
Repeated-measures ANOVAs were performed, examining interactions between visual
field (i.e. LVF or RVF) and the primary between-subjects variable of sex, as well as the
covariates laterality and menstrual status. Results for accuracy and reaction time data are as
follows.
9.3.2.3.2.1 Accuracy
Results showed no significant main effects of sex (F(1, 183) = .011, n.s.), visual field
(F(1, 183) = .273, n.s.), handedness (F(1, 183) = .003, n.s.), or menstrual status (F(1, 183) =
.583, n.s.). There were no significant interactions between visual field and sex (F(1, 183) = .357,
n.s.), handedness (F(1, 183) = .149, n.s.), or menstrual status (F(1, 183) = 2.968, p = ..087),
although this was marginally significant (i.e. it is significant at the .1 level). Possible effects of
menstrual status are addressed below.
9.3.2.3.2.2 Reaction Time
Results showed no significant main effects of sex (F(1, 180) = 2.735, n.s.), handedness
(F(1, 180) = .174, n.s.), or menstrual status (F(1, 180) = .014, n.s.). There was a significant main
effect of visual field (F(1, 180) = 24.779, p < .001), which reflects an overall LVF reaction time
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advantage (mean difference = 26.01ms). There was no interaction between visual field and sex
(F(1, 180) = .147, n.s.) or visual field and menstrual status (F(1, 180) = .186, n.s.). There was a
marginally significant interaction between visual field and handedness (F(1, 180) = 2.681, p
.103). In order to investigate this, simple effects of handedness and visual field were examined
(using independent-samples t-tests), and these revealed no significant differences between left-
and right-handers on either LVF trials (t183 = 1.031, n.s.) or RVF trials (t183 = .338, n.s.).
9.3.2.3.3 Handedness effects
Independent-samples t-tests were performed to examine performance differences in
right- and left-handers across all measures. These revealed no significant effects for any of the
measures of performance on this task, although there was a trend toward an advantage for right-
handers in the overall accuracy data (t187 = 1.578, p = .116, mean difference = 2.59).
9.3.2.3.4 Hormonal status effects
Independent-samples t-tests comparing performance of females who were menstruating
with those who were not menstruating revealed no significant effects for any of the measures of
performance on this task.
9.3.2.4 Vertical lines
9.3.2.4.1 Initial planned comparisons
Independent-samples t-tests were performed comparing males and females on all
measures for this task. Results for accuracy and reaction time data are as follows.
9.3.2.4.1.1 Accuracy
As hypothesized, there was a very large male accuracy advantage when collapsed
across visual field (t184 = 4.659, p < .001, d = 2.20), and on both LVF trials (t185 = 4.478, p <
.001, d = 2.07) and RVF trials (t184 = 4.834, p < .001, d = 2.66).
9.3.2.4.1.2 Reaction time
There were no sex differences in reaction time when collapsed across visual field (t183 =
.211, n.s.), or on LVF trials (t180 = .693, n.s.) or RVF trials (t178 = .116, n.s.).
9.3.2.4.2 Visual field effects
Repeated-measures ANOVAs were performed, examining interactions between visual
field (i.e. LVF or RVF) and the primary between-subjects variable of sex, as well as the




Results showed a significant main effect of sex (F(1, 182) = 21.755, p < .001), and
pairwise comparisons show that this reflects a male advantage (mean difference = 14.693, p <
.001). There were no main effects of visual field (F(1, 182) = 1.659, n.s.), handedness (F(1, 182)
= 1.034, n.s.), or menstrual status (F(1, 182) = 0.491, n.s.), and no interactions between visual
field and sex (F(1, 182) = 0.916, n.s.) or handedness (F(1, 182) = 1.641, n.s.). There was a
significant interaction between visual field and menstrual status (F(1, 182) = 4.115, p < .05).
This may potentially be confounded with the fact that no males were menstruating, so this
interaction was assessed with females only:
• Comparing menstrual versus non-menstrual females on LVF and RVF trials, independent-
samples t-tests showed no significant hormonal effect on LVF (t145 = 1.353, n.s.) or RVF
(t145 = 0.165, n.s.) accuracy scores.
• Comparing LVF versus RVF trials with menstruating and non-menstruating females,
paired-samples t-tests revealed that non-menstruating females showed no visual field
difference (t113 = 0.626, n.s.), but menstruating females showed a significant RVF advantage
(t32 = 2.194, p < .05).
9.3.2.4.2.2 Reaction Time
Results showed no significant main effects of sex (F(1, 175) = 0.008, n.s.), visual field
(F(1, 175) = 0.262, n.s.), handedness (F(1, 175) = 0.478, n.s.), or menstrual status (F(1, 175) =
2.136, n.s.), and no significant interactions between visual field and sex (F(1, 175) = 1.665,
n.s.), handedness (F(1, 175) = 0.042, n.s.), or menstrual status (F(1, 175) = 0.697, n.s.).
9.3.2.4.3 Handedness effects
Independent-samples t-tests were performed to examine performance differences in
right- and left-handers across all measures. These revealed that for males, right-handers showed
a significant accuracy advantage over left-handers on this task (t38 = 2.125, p < .05), as
hypothesized. This was significant on LVF trials (t38 = 2.561, p < .05), but only marginally
significant on RVF trials (t37 = 1.926, p = .062), suggesting that right-handers have an advantage
specifically in right-hemisphere coordinate processing. There were no other significant accuracy
or reaction time effects of handedness for the overall data, or for females or males individually.
9.3.2.5 LDT Coordinate
9.3.2.5.1 Initial planned comparisons
Independent-samples t-tests were performed comparing males and females on all
measures for this task. Results for accuracy and reaction time data are as follows.
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9.3.2.5.1.1 Accuracy
As hypothesized, results showed a large male accuracy advantage when collapsed
across visual field (t185 = 3.768, p < .001, d = 1.24), and on both LVF trials (t186 = 2.720, p < .01,
d = 0.84) and RVF trials (t186 = 3.735, p < .001, d = 1.35).
9.3.2.5.1.2 Reaction time
Results showed no sex difference when collapsed across visual field (t183 = 0.89, n.s.),
or on LVF trials (t184 = 0.287, n.s.) or RVF trials (t183 = 0.210, n.s.).
9.3.2.5.2 Visual field effects
Repeated-measures ANOVAs were performed, examining interactions between visual
field (i.e. LVF or RVF) and the primary between-subjects variable of sex, as well as the
covariates laterality and menstrual status. Results for accuracy and reaction time data are as
follows.
9.3.2.5.2.1 Accuracy
Results showed a significant main effect of sex (F(1, 183) = 12.278, p < .01), and
pairwise comparisons revealed that this reflects a male advantage (mean difference = 7.852, p <
.01). There were no main effects of visual field (F(1, 183) = 1.737, n.s.), handedness (F(1, 183)
= 1.916, n.s.), or menstrual status (F(1, 183) = 0.796, n.s.), and no interactions between visual
field and sex (F(1, 183) = 2.175, n.s.), handedness (F(1, 183) = 0.492, n.s.), or menstrual status
(F(1, 13) = 0.001, n.s.).
9.3.2.5.2.2 Reaction Time
Reaction time data showed no main effects of sex (F(1, 180) = 0.007, n.s.), visual field
(F(1, 180) = 1.192, n.s.), handedness (F(1, 180) = 0.433, n.s.), or menstrual status (F(1, 180) =
1.592, n.s.), and no interactions between visual field and sex (F(1, 180) = 1.286, n.s.) or
handedness (F(1, 180) = 0.006, n.s.). There was a significant interaction between visual field
and menstrual status (F(1, 180) = 4.459, p < .05), and simple effects were calculated in order to
examine this interaction:
• Comparing menstrual versus non-menstrual females on LVF and RVF, independent-
samples t-tests showed a marginally significant reaction time advantage for menstruating
females on LVF trials (t143 = 1.849, p = .066), and no effect of hormonal status on RVF
trials (t143 = 0.859, n.s.).
• Comparing LVF trials versus RVF trials with menstruating and non-menstruating females,
paired-samples t-tests revealed that non-menstruating females showed no visual field
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difference (t111 = 0.592, n.s.), but menstruating females showed a significant LVF advantage
(t31 = 2.856, p < .01).
9.3.2.5.3 Handedness effects
Independent-samples t-tests were performed to examine performance differences in
right- and left-handers across all measures. These revealed a significant advantage for right-
handers in overall accuracy score (t185 = 2.024, p < .05), a marginally significant trend toward an
advantage in LVF trials (t186 = 1.896, p = .060), and a non-significant trend toward an advantage
in RVF trials (t186 = 1.605, n.s.). Reaction time scores revealed no significant handedness
effects.
Accuracy scores for females revealed marginally significant advantage for right-handers
in overall scores (t144 = 1.736, p = .085), a marginally significant advantage on LVF trials (t145 =
1.690, p = .093), and a non-significant trend toward an advantage on RVF trials (t144 = 1.313,
n.s.). Males showed no significant differences in accuracy scores as a result of handedness,
although trends were in the same direction (i.e. favouring right-handers).
9.3.2.6 LDT Categorical
9.3.2.6.1 Initial planned comparisons
Independent-samples t-tests were performed comparing males and females on all
measures for this task. Results for accuracy and reaction time data are as follows.
9.3.2.6.1.1 Accuracy
Accuracy data revealed no sex difference when collapsed across visual field (t169 =
1.463, n.s.) or on RVF trials (t182 = 0.704, n.s.), but a male advantage on LVF trials (t174 = 2.485,
p < .05, d = 0.97).
9.3.2.6.1.2 Reaction time
Reaction time data revealed no sex differences when collapsed across visual field (t186 =
0.177, n.s.), on LVF trials (t184 = 0.748, n.s.), or on RVF trials (t186 = 0.054, n.s.).
9.3.2.6.2 Visual field effects
Repeated-measures ANOVAs were performed, examining interactions between visual
field (i.e. LVF or RVF) and the primary between-subjects variable of sex, as well as the




Results showed no main effects of sex (F(1, 172) = 1.778, n.s.), visual field (F(1, 172) =
0.053, n.s.), handedness (F(1, 172) = 0.090, n.s.), or menstrual status (F(1, 172) = 0.735, n.s.),
and no interactions between visual field and laterality (F(1, 172) = 0.350, n.s.) or menstrual
status (F(1, 172) = 1.690, n.s.). There was a significant interaction between visual field and sex
(F(1, 172) = 4.241, p < .05), and the planned comparisons reported above show that this
interaction reflects a male advantage on LVF, but not RVF trials.
9.3.2.6.2.2 Reaction Time
Reaction time data showed no main effects of sex (F(1, 181) = 0.175, n.s.), visual field
(F(1, 181) = 0.185, n.s.), handedness (F(1, 181) = 0.329, n.s.), or menstrual status (F(1, 181) =
0.907, n.s.), and no interactions between visual field and sex (F(1, 181) = 0.016, n.s.),
handedness (F(1, 181) = 0.120, n.s.), or menstrual status (F(1, 181) = 1.966, n.s.).
9.3.2.6.3 Handedness effects
Independent-samples t-tests were performed to examine performance differences in
right- and left-handers across all measures. These revealed no significant effects of handedness
on any of the measures of performance on this task.
9.3.2.6.4 Hormonal status effects
Independent-samples t-tests comparing performance of females who were menstruating
with those who were not menstruating revealed no significant effects on any of the measures of
performance.
9.3.2.7 Rapid object array
9.3.2.7.1 Initial planned comparisons
Independent-samples t-tests were performed comparing males and females on all
measures for both versions of this task (i.e. the long-delay and short-delay conditions). Results
for accuracy and reaction time data are as follows.
9.3.2.7.1.1 Accuracy
For the long-delay condition, accuracy data revealed no sex difference when collapsed
across visual field (t182 = 1.373, n.s.) or on RVF trials (t180 = 1.349, n.s.), but a large male
advantage on LVF trials (t181 = 2.497, p < .05, d = 1.30). For the short-delay condition, accuracy
data showed a male advantage when collapsed across visual field (t179 = 2.322, p < .05, d =
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0.90), a male advantage on LVF trials (t183 = 2.077, p < .05, d = 0.79), and no sex difference on
RVF trials (t184 = 1.607, n.s.).
9.3.2.7.1.2 Reaction time
For the long-delay condition, reaction time data revealed no sex difference when
collapsed across visual field (t184 = 0.117, n.s.), or on LVF trials (t187 = 0.197, n.s.) or RVF trials
(t185 = 0.056, n.s.). For the short-delay condition, there was no sex difference when collapsed
across visual field (t184 = 1.551, n.s.), or on LVF trials (t186 = 1.478, n.s.) or RVF trials (t183 =
1.419, n.s.).
9.3.2.7.2 Visual field effects
Repeated-measures ANOVAs were performed, examining interactions between visual
field (i.e. LVF or RVF) and the primary between-subjects variable of sex, as well as the
covariates laterality and menstrual status. Results for accuracy and reaction time data are as
follows.
9.3.2.7.2.1 Accuracy
For the long-delay condition, accuracy data revealed a marginally significant main
effect of sex (F(1, 174) = 3.910, p = .050), and pairwise comparisons revealed that this reflects
an overall male advantage (mean difference = 3.493, p = .050). There were no main effects of
visual field (F(1, 174) = 0.099, n.s.), handedness (F(1, 174) = 1.235, n.s.), or menstrual status
(F(1, 174) = 0.821, n.s.), and no interactions between visual field and sex (F(1, 174) = 1.478,
n.s.) or laterality (F(1, 174) = 0.178, n.s.). There was a significant interaction between visual
field and menstrual status (F(1, 174) = 4.106, p < .05), and an analysis of simple effects
revealed the following:
• Comparing menstrual versus non-menstrual females on LVF and RVF, independent-
samples t-tests showed no effect of menstruation on LVF trials (t142 = 0.088, n.s.), and a
significant advantage for non-menstruating women on RVF trials (t139 = 2.027, p < .05).
• Comparing LVF and RVF trials with menstruating and non-menstruating females, paired-
samples t-tests revealed that non-menstruating females showed no visual field difference
(t108 = 1.033, n.s.), but menstruating females showed a marginally significant LVF
advantage (t30 = 1.779, p = .085).
For the short-delay condition, accuracy data revealed a significant main effect of sex
(F(1, 180) = 4.807, p < .05), and pairwise comparisons revealed that this reflected an overall
male advantage (mean difference = 4.581, p < .05). There were no main effects of visual field
(F(1, 180) = 1.267, n.s.), handedness (F(1, 180) = 0.272, n.s.), or menstrual status (F(1, 180) =
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0.051, n.s.), and no interactions between visual field and sex (F(1, 180) = 0.004, n.s.) or
handedness (F(1, 174) = 0.670, n.s.). There was a marginally significant interaction between
visual field and menstrual status (F(1, 180) = 3.787, p = .053), and analysis of simple effects
revealed the following:
• Comparing menstrual versus non-menstrual females on LVF and RVF trials, independent-
samples t-tests showed no effect of menstruation on LVF trials (t142 = 0.797, n.s.), or RVF
trials (t142 = 1.161, n.s.).
• Comparing LVF versus RVF trials with menstruating and non-menstruating females,
paired-samples t-tests revealed that non-menstruating females showed no visual field
difference (t110 = .673, n.s.), but menstruating females showed a significant RVF advantage
(t31 = 2.709, p < .05).
9.3.2.7.2.2 Reaction Time
For the long-delay condition, reaction time data revealed no main effects of sex (F(1,
183) = 0.119, n.s.), visual field (F(1, 183) = 0.003, n.s.), handedness (F(1, 183) = 0.941, n.s.), or
menstrual status (F(1, 183) = 1.602, n.s.), and no interactions between visual field and sex (F(1,
183) = 0.124, n.s.), handedness (F(1, 183) = 0.078, n.s.), or menstrual status (F(1, 183) = 2.571,
n.s.).
For the short-delay condition, there was no main effect of sex, although there was a
moderate trend toward a female advantage (F(1, 181) = 2.671, p = .104). There were no main
effects of visual field (F(1, 181) = 2.100, n.s.), handedness (F(1, 181) = 1.299, n.s.), or
menstrual status (F(1, 181) = 0.010, n.s.), and no interactions between visual field and sex (F(1,
181) = 0.690, n.s.), handedness (F(1, 181) = 0.603, n.s.), or menstrual status (F(1, 181) = 0.000,
n.s.).
9.3.2.7.3 Handedness effects
Independent-samples t-tests were performed to examine performance differences in
right- and left-handers across all measures. These revealed the following.
For the long-delay condition, accuracy data showed an advantage for right-handers
when collapsed across visual field (t182 = 2.243, p < .05) and on LVF trials (t181 = 2.870, p <
.01), but no handedness effect for accuracy on RVF trials (t180 = 1.201, n.s.). Reaction time data
showed marginally significant trends toward a left-hand advantage when collapsed across visual
field (t184 = 1.623, p  = .106) and on LVF trials (t187 = 1.807, p = .072), but no handedness effect
for reaction time on RVF trials (t185 = 1.221, n.s.).
For the short-delay condition, accuracy data showed no handedness effects when
collapsed across visual field (t179 = 1.296, n.s.) or on RVF trials (t184 = 1.114, n.s.), but a
marginally significant right-hand advantage for accuracy on LVF trials (t183 = 1.750, p = .082).
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Reaction time data showed a marginally significant left-hand advantage when collapsed across
visual field (t184 = 1.889, p = .061), a significant left-hand advantage for LVF trials (t186 = 2.067,
p < .05), and a marginally significant left-hand advantage for RVF trials (t183 = 1.826, p = .069).
9.3.2.7.4 Within-sex comparisons of conditions
For females, there was a significant long-delay advantage in accuracy (t138 = 14.480, p <
.001) and reaction time (t143 = 8.455, p < .001). Similarly, males showed a significant long-delay
advantage in accuracy (t39 = 7.156, p < .001) and reaction time (t41 = 7.877, p < .001).
9.3.2.8 Herringbone illusion
9.3.2.8.1 Initial planned comparisons
Independent-samples t-tests were performed comparing males and females on all
measures for this task. Results for accuracy and reaction time data are as follows.
9.3.2.8.1.1 Accuracy
Collapsed across visual field, there was no sex difference in general accuracy (t181 =
1.337, n.s.), but there was a male accuracy advantage in responding to the target illusory shape
(i.e. the square with herringbone lines inside; t187 = 2.044, p < .05, d = 0.77). For LVF trials,
there were no significant sex differences in general accuracy (t181 = 1.620, n.s.) or in accuracy in
response to the target shape (t187 = 1.532, n.s.). For RVF trials, there was no sex difference in
general accuracy (t182 = 1.327, n.s.), but there was a marginally significant male accuracy
advantage in responding to the target shape (t187 = 1.680, p = .095, d = 0.60).
9.3.2.8.1.2 Reaction time
Collapsed across visual field, there was a female advantage in overall reaction time (t184
= 2.810, p < .01), and a female reaction time advantage in responding to the target illusory
shape (t183 = 2.581, p < .05). For LVF trials, there was no significant sex difference in overall
reaction time (t186 = 1.461, n.s.), but there was a significant female reaction time advantage in
response to the target shape (t183 = 2.312, p < .05). For RVF trials, there was a female advantage
in overall reaction time (t185 = 3.045, p < .01), and a marginally significant female reaction time
advantage in responding to the target shape (t184 = 1.755, p = .081).
Given that there tended to be a male accuracy advantage and a general female reaction
time advantage in responding to the illusory shape, it seems plausible that the sexes differed in
their speed-accuracy trade-off. It is unclear why this possibly affected the Herringbone illusion
task, but did not seem to affect other tasks.
189
9.3.2.8.2 Illusory Effects
In order to assess whether the illusion in fact occurred, accuracy and reaction time
scores for the overall task were compared to scores for the target shape, using paired-samples t-
tests. Results showed that there were significant accuracy (t182 = 18.539, p < .001) and reaction
time (t184 = 8.331, p < .001) costs of responding to the target shape, showing that the illusion
occurred (i.e. that the square with herringbone lines appeared to be a trapezoid). The same
results were achieved comparing the overall and target shapes on LVF and RVF trials, and
separately for males and females. Accuracy rates showed that participants were able to
discriminate accurately between the non-illusory square and trapezoids. Specifically,
participants had accuracy rates of 81.79% for the square with diagonal lines, 42.68% for the
square with herringbone lines (i.e. the target shape), 72.53% for the trapezoid with the diagonal
lines, and 87.95% for the trapezoid with herringbone lines.
9.3.2.8.3 Visual field effects
Repeated-measures ANOVAs were performed, examining interactions between visual
field (i.e. LVF or RVF) and the primary between-subjects variable of sex, as well as the
covariates laterality and menstrual status. Responses to the target illusory shape are of primary
interest, and are reported here. Results for accuracy and reaction time data are as follows.
9.3.2.8.3.1 Accuracy
Accuracy data showed a significant main effect of sex (F(1, 185) = 4.375, p < .05), and
pairwise comparisons revealed that this reflects an overall accuracy advantage for males (i.e. as
hypothesized they were overall less susceptible to the illusion; mean difference = 8.814, p <
.05). There were no main effects of visual field (F(1, 185) = 0.359, n.s.), handedness (F(1, 185)
= 2.676, p = .104), or menstrual status (F(1, 185) = 0.007, n.s.), and no significant interactions
between visual field and sex (F(1, 185) = 0.006, n.s.), laterality (F(1, 185) = 0.000, n.s.), or
menstrual status (F(1, 185) = 1.421, n.s.).
9.3.2.8.3.2 Reaction Time
Analysis of the reaction time data revealed a significant main effect of sex (F(1, 179) =
5.770, p < .05), and pairwise comparisons show that this reflects an overall female reaction time
advantage (mean difference = 69.436ms, p < .05). There were no main effects of visual field
(F(1, 179) = 1.055, n.s.), handedness (F(1, 179) = 0.132, n.s.), or menstrual status (F(1, 179) =
0.564, n.s.), and no interactions between visual field and sex (F(1, 179) = 0.005, n.s.) or
handedness (F(1, 179) = 0.149, n.s.). There was a marginally significant interaction between
visual field and menstrual status (F(1, 179) = 3.096, p = .080), and analysis of simple effects
revealed the following.
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• Comparing menstrual versus non-menstrual females on LVF and RVF trials, independent-
samples t-tests showed no effect of menstruation on LVF trials (t141 = 0.242, n.s.) or RVF
trials (t143 = 1.334, n.s.).
• Comparing LVF versus RVF trials with menstruating and non-menstruating females,
paired-samples t-tests revealed that non-menstruating females showed no visual field
difference (t109 = 1.100, n.s.), but menstruating females showed a significant LVF advantage
(t31 = 2.549, p < .05).
9.3.2.8.4 Handedness effects
Independent-samples t-tests were performed to examine performance differences in
right- and left-handers across all measures. These revealed a marginally significant accuracy
advantage for right-handers across all shapes (t181 = 1.932, p = .055), and a significant accuracy
for right-handers on RVF trials across all shapes (t182 = 2.550, p < .05). No other performance
measures showed any handedness effects.
9.3.2.8.5 Within-sex visual field effects
Paired-samples t-tests comparing performance on LVF and RVF trials revealed the
following:
• Males showed a LVF reaction time advantage across all shapes, but, unlike Rasmjou et al.
(1999), this study did not find any significant hemispheric differences in accuracy in
responding to the target shape (although the means showed a small non-significant trend in
this direction; mean difference = 3.33, t41 = 0.558, n.s.).
• Females showed a LVF reaction time advantage in responding to the target shape, and, in
support of some of the findings of Rasmjou et al. (1999), showed no hemispheric difference
in accuracy in responding to the target shape (t146 = 0.642, n.s.).
9.3.2.9 Tilt illusion
9.3.2.9.1 Initial planned comparisons
Independent-samples t-tests were performed comparing males and females on all
measures for this task. Results for accuracy and reaction time data are as follows.
9.3.2.9.1.1 Accuracy
As hypothesized, accuracy data revealed a significant male accuracy advantage
collapsed across visual field (t149 = 2.537, p < .05, d = 0.99), a significant male accuracy
advantage on LVF trials (t149 = 3.338, p < .01, d = 1.32), and a non-significant trend toward a
male advantage on RVF trials (mean difference = 2.336, t149 = 1.335, p = .178).
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9.3.2.9.1.2 Reaction time
Reaction time data showed no significant sex differences in reaction time when
collapsed across visual field (t149 = 1.250, n.s.), on LVF trials (t149 = 1.496, n.s.), or RVF trials
(t149 = 1.212, n.s.), although in all cases there was a small trend toward a female advantage.
9.3.2.9.2 Visual field effects
Repeated-measures ANOVAs were performed, examining interactions between visual
field (i.e. LVF or RVF) and the primary between-subjects variable of sex, as well as the
covariates laterality and menstrual status. Results for accuracy and reaction time data are as
follows.
9.3.2.9.2.1 Accuracy
Accuracy data revealed a significant main effect of sex (F(1, 147) = 5.460, p < .05), and
pairwise comparisons showed that this reflected an overall male accuracy advantage (mean
difference = 3.928, p < .05). There were no main effects of visual field (F(1, 147) = 0.003, n.s.),
handedness (F(1, 147) = 2.213, n.s.), or menstrual status (F(1, 147) = 0.406, n.s.), and no
interactions between visual field and laterality (F(1, 147) = 0.240, n.s.) or menstrual status (F(1,
147) = 0.272, n.s.). There was a significant interaction between visual field and sex (F(1, 147) =
6.614, p < .05), and analysis of simple effects revealed the following:
• Comparing males versus females on LVF and RVF trials, independent-samples t-tests
showed a significant male accuracy advantage on LVF trials (t149 = 3.338, p < .01), but not
on RVF trials (t149 = 1.335, n.s.).
• Comparing LVF versus RVF trials for males and females, paired-samples t-tests revealed
that females showed a significant RVF accuracy advantage (t112 = 3.444, p < .01), while
males showed no visual field effect, although there was a non-significant trend toward an
LVF advantage (mean difference = 1.305, t37 = 1.213, n.s.).
9.3.2.9.2.2 Reaction Time
Reaction time data revealed no main effects of sex (F(1, 147) = 1.617, n.s.), handedness
(F(1, 147) = 0.810, n.s.), or menstrual status (F(1, 147) = 0.098, n.s.), and no interaction
between visual field and sex (F(1, 147) = 0.633, n.s.), handedness (F(1, 147) = 0.091, n.s.), and
menstrual status (F(1, 147) = 0.523, n.s.). There was a significant main effect of visual field
(F(1, 147) = 5.330, p < .05), and pairwise comparisons showed that this reflects an overall LVF
advantage (mean difference = 16.162, p < .001).
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9.3.2.9.3 Handedness effects
Independent-samples t-tests were performed to examine performance differences in
right- and left-handers across all measures. For accuracy scores, there was a significant right-
hander advantage when collapsed across visual field (t149 = 2.425, p < .05), a marginally
significant right-hander advantage on LVF trials (t149 = 1.877, p = .062), and a significant right-
hander advantage on RVF trials (t149 = 2.644, p < .01). There were no significant handedness
effects on reaction time measures.
9.3.2.9.4 Hormonal status effects
Independent-samples t-tests comparing performance of females who were menstruating
with those who were not menstruating revealed no significant differences for and measures of
accuracy or reaction time on this task.
9.3.2.9.5 Left-shift analysis
By graphing the frequency of ‘left’ responses for each visual angle, it is possible to
examine the degree of ‘left-shift’, or the extent to which lines tilted to the right are perceived as
vertical or angled to the left. That is, the point at which left and right responses become equally
common (in this case, 2.5 out of 5 responses for each orientation) is considered to be a measure
of subjective vertical. Sex differences in the degree of left shift are examined as follows for all
data collapsed across visual field, for LVF trials, and for RVF trials. Results show no sex
difference when collapsed across visual field, and a subjective vertical of 3° to the right for both
sexes. On the RVF trials, females show a slightly reduced left shift, and a subjective vertical of
2° to the right, compared to 3° for males. However, there was no significant sex difference in
accuracy for RVF trials on lines tilted 2° or 3° to the right, showing that the observed 1° sex
difference in left shift on RVF trials was not significant. Conversely, LVF trials show a greater
left-shift for females: as shown on the graph, subjective vertical for males was at lines tilted 3°
to the right, while subjective vertical for females was at lines tilted 4.5° to the right.
Accordingly, independent-samples t-tests revealed a marginally significant male accuracy
advantage for LVF trials on lines tilted 3° to the right (t149 = 1.837, p = .068), and a significant
advantage on lines tilted 4° to the right (t149 = 2.793, p < .01). This result shows that females had
a significantly greater left-shift on LVF trials, or in other words that when the illusion was
presented to the right hemisphere, males were less susceptible to the illusion than were females.
These data are graphed as follows.
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Figure 22. Graph of the average number of left responses for each line orientation, for all data
collapsed across visual field. There is no clear sex difference in the slope of this line.
Figure 23. Graph of the average number of left responses for each line orientation, for RVF
trials. There is no clear sex difference in the slope of this line, although females show a slightly
reduced left shift.
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Figure 24. Graph of the average number of left responses for each line orientation, for LVF
trials. The line shows a greater left-shift for females.
9.3.3 Correlations
In order to compare performance on the tasks, correlations between the accuracy scores
were calculated for the overall data, and separately for each sex. These are presented as follows.
Note that the corresponding factor analyses are again are not reported, since they failed to group
the tasks, but produced a large number of separate factors which accounted for only a small
portion of the variance.
9.3.3.1 Overall data
Results showed that all tasks correlated significantly with most of the other tasks,
suggesting that most share at least some computational requirements. These are summarised in
the following table.
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Table 19. Correlations between the tasks for the overall data. Significant results are marked
with an asterisk: * indicates p < .05, ** indicates p < .001.












































































































































































Key for abbreviations: LDT Crd = LDT Coordinate; LDT Cat = LDT Categorical; ROA =
Rapid Object Array; Herr = Herringbone Illusion
9.3.3.2 Males
Results for males showed far fewer significant correlations between tasks. Both
versions of the rapid object array correlated with each other, and with the JLAP and the vertical
lines task. These results are summarised below.
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Table 20. Correlations between the tasks for males. Significant results are marked with an
asterisk: * indicates p < .05, ** indicates p < .001.











MRT 1 .069 .249 .127 .077 .080 .310 .155 .226 .227






PARA .249 .057 1 .131 -.001 .043 .202 .303 .047 .159


































.226 .222 .047 .118 .443
(**)
.146 .109 -.084 1 .118
TILT .227 .379
(*)
.159 .259 .048 .109 .290 .336
(*)
.118 1
Key for abbreviations: LDT Crd = LDT Coordinate; LDT Cat = LDT Categorical; ROA =
Rapid Object Array; Herr = Herringbone Illusion
9.3.3.3 Females
Results for females showed that unlike males, most tasks correlated significantly with
most of the other tasks. The vertical lines task correlated only with overall accuracy on the
herringbone illusion task.
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Table 21. Correlations between the tasks for females. Significant results are marked with an
asterisk: * indicates p < .05, ** indicates p < .001.

































































































































TILT .184 .163 .257
(**)





Key for abbreviations: LDT Crd = LDT Coordinate; LDT Cat = LDT Categorical; ROA =
Rapid Object Array; Herr = Herringbone Illusion
Note that while most of the correlations for males failed to reach significance, some
non-significant correlations were of similar magnitude to those observed in females. For
example, MRT and the Herringbone illusion correlated at r = .226 for males (n.s.) and r = .195
(p < .05) for females. This is seemingly a result of the discrepancy in sample size (148 females,
and 42 males), and a larger sample of males may have resulted in more correlations reaching
significance. However, most correlations for males were relatively small, and the sample of
males was presumably large enough to detect any very strong correlations between tasks. The
correlational analyses thus seem to show a pattern of sex differences similar to that reported in
the correlations of experiments A and B (though not in Experiment C): most tasks correlated
significantly for females, while few tasks correlated strongly for males. Again, this suggests that
males may use a greater variety of spatial strategies and skills than do females.
9.4 Discussion
The results of Experiment D offer considerable further support for the hypothesis that
sex differences in performance on spatial tasks are related to differences in specific spatial
abilities, and a number of tasks, particularly the novel vertical lines task, produced very large
sex differences, as hypothesized. These results are discussed for each task, followed by a
discussion of the relationships between the tasks.
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9.4.1 The individual tasks
9.4.1.1 Mental rotation
The mental rotation task used in the current experiment was designed primarily as a
control, and it produced a large male advantage (d = .80), as hypothesized. However, no effects
of handedness or menstrual status were found. In the case of handedness, this may be due to the
small number of male left-handers obtained, and the lack of strongly left-handed subjects. That
is, Snyder and Harris (1993) report an advantage for strongly right-handed males over strongly
left-handed males, but in the current study only 7 males were classed as left-handed (i.e. they
had a handedness score of less than 10), and none would be classed as strongly left handed
(given that the most left-handed male scored only –11 out of a possible –20). That is, the sample
population may not have been representative of populations which typically show handedness
effects. This limitation may have affected results for handedness on all tasks, and future
research may require specific populations of participants who are strongly right- or left-handed
in order to reveal any differences.
In the case of menstrual status, the lack of a significant difference between groups may
be the result of a number of factors. Given the relationship between menstrual status and mental
rotation found in other studies in which hormonal status was carefully measured (for example
Hausmann et al., 2000), it seems likely that the self-report method used here was not sensitive
enough to reveal any group differences in the current task.
9.4.1.2 JLAP
As hypothesized, the JLAP showed a large male advantage (d = 1.48), thus
corroborating the findings of Collaer and Nelson (2002). Furthermore, there were large male
advantages on the 'near' condition (d = 1.33) and the 'far' condition (d = 1.31), thus suggesting
that the male advantage may be in both field independence and space constancy respectively (as
discussed previously). However, both sexes had lower accuracy scores in the near condition
(and there was no interaction between sex and condition), suggesting a processing cost for both
males and females when distracter stimuli are in close proximity to the target. That is, space
constancy (in the far condition) seems easier to maintain than field independence for both sexes,
but males seem to show an advantage in both of these skills.
As was the case with the MRT, there were no significant handedness or menstrual
status effects, which may suggest either methodological limitations or an accurate result. Given




As hypothesized, this task did not show a clear sex difference on accuracy, which is
interpreted as suggesting that the male advantage in sensitivity to coordinate information is
reliant upon geometric reference cues. (Note that this interpretation is also based on the results
of other tasks, such as the vertical lines task, the JLAP, and the coordinate LDT.) The result on
this task also suggests that the male advantage on the JLAP is at least partly a result of space
constancy, not simply a perception of 'parallel'. There were no effects of handedness or
menstrual status, and the only significant visual field effect was a right-hemisphere (RH)
reaction time advantage. This may potentially suggest that the parallel lines task is at least partly
based on coordinate information, given the RH coordinate advantage (Kosslyn et al., 1989),
although this did not extend to an accuracy advantage, and further research will be required to
investigate this possibility.
9.4.1.4 Vertical lines
As hypothesized, there was a very large male advantage on this task, with an effect size
of 2.20 when collapsed across visual field (and similar effect sizes were obtained for RVF and
LVF trials), which is by far the largest effect size reported in this thesis (and is in fact the largest
effect size that the author has seen reported in the relevant literature). This is interpreted as
providing strong support for the hypothesis that there is a male advantage in sensitivity to the
coordinate, Euclidian properties of space, and that this is enhanced by attention to geometric
reference cues (in this case the sides of the computer screen). This result was predicted by
analysing the computational requirements of spatial cognition facing males in the ancestral
environments, and designing a novel task, at least in the context of sex differences in spatial
cognition, in order to test the hypotheses. This task thus represents a clear example of the
testable predictive utility of evolutionary psychology.
The only significant effects related to visual field, handedness or menstrual status were
that right-handed males showed a significant advantage over left-handed males on right-
hemisphere trials, and menstruating females showed an advantage for left hemisphere (LH)
versus RH trials. While the latter results are somewhat anomalous, the former may be
tentatively interpreted as showing a positive relationship between lateralization and coordinate
encoding ability, since right-handed males are hypothesized to be more strongly lateralized than
females and left-handed males (Kosslyn et al., 1989; Jager & Postma, 2003).
9.4.1.5 The LDT
As hypothesized, the coordinate LDT showed a very large male advantage (d = 1.24),
which is larger than is commonly reported for the MRT (Voyer et al., 1995). This offers clear
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support for the hypothesis that males have an advantage in sensitivity to coordinate information.
The advantage for right-handers supports the possibility that greater lateralization is associated
with enhanced coordinate performance, as does the advantage for menstruating females on RH
trials.
Interestingly, accuracy data for the categorical LDT showed no sex difference when
collapsed across visual field or on RVF trials, but showed a large male advantage on LVF (RH)
trials (d = 0.97). One interpretation compatible with this result is that assuming males encode
configural information in a coordinate way (as in Experiment C), and that this style applies to
distinct objects as well as parts of objects (as suggested by the rapid object array task below),
configural encoding in males is likely to be right-hemisphere dominant.
9.4.1.6 Rapid object array
As hypothesized, males showed an overall advantage on this task (the largest effect size
was 1.30), although this was limited to RH trials on both the short-delay and long-delay
conditions. This has three main implications. Firstly, the lack of a female advantage suggests
that, as proposed by the current model, the female advantage in OTPA is a result of encoding
capacity and attentional bias, rather than sensitivity to categorical relationships. Secondly, the
male advantage in coordinate configural encoding seems to be capable of encoding the positions
of a small group of objects (and is thus not limited to parts of individual objects), and is capable
of maintaining space constancy of the resulting spatial representation across relatively modest
working memory demands. Thirdly, the RH advantage suggests that this configural encoding
may indeed be coordinate, since coordinate encoding is hypothesized to be RH-dominant
(Kosslyn, 1987). In further support of the possibility that lateralization and coordinate ability
are positively related, right-handers generally showed an advantage on this task, but only on RH
trials.
Both sexes showed a performance advantage on the long-delay condition, which
suggests that working memory was not being heavily taxed by the increased delay, but rather
that iconic memory and visible persistence may have resulted in an increase in the time
available to process the image. As a result, the delay may have allowed a spatial representation
of the sample array to be formed more completely, enabling faster and more accurate choices to
be made from the test arrays.
Interestingly, as was found on the vertical lines task, menstruating females showed an
advantage for the RVF (LH) trials. The recurrence of this result may be anomalous, but if it
represents an accurate effect, it seems plausible that the cerebral organizational changes brought
about by activational hormone effects are distinct from the male-typical RH-dominant pattern.
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9.4.1.7 Herringbone illusion
As hypothesized, males showed an accuracy advantage in responding to the target
illusory shape (d = 0.77): males were overall less sensitive to the illusion. This may be a result
of field independence, and/or of the use of external geometric reference cues. The combination
of results on a number of tasks (particularly the JLAP, the tilt illusion, and the vertical lines
task) suggests that both skills may be important factors in producing the observed male
advantages. However, the overall female advantage in reaction time on this task suggests that
there may have been sex differences in speed/accuracy trade-offs.
The current study failed to replicate the findings of Rasmjou et al. (1999), as there were
no clear visual field differences in accuracy for males, although both studies found no visual
field effects on accuracy for females. This seems most likely to be a result of methodological
differences, in that the current study used single-stimulus presentation, while Rasmjou et al.
(1999) used the simultaneous presentation of two stimuli, one in each visual field. While future
research will be required to ascertain the neurological differences between these paradigms, the
paradigm used in the current study was successful in allowing comparisons between other tasks
(particularly the tilt illusion), and in producing similar results to those tasks.
9.4.1.8 Tilt illusion
As hypothesized, males showed a large overall accuracy advantage (d = 0.99),
supporting the hypothesis that the advantage for males is a result of sensitivity to coordinate,
Euclidian information (as shown by the coordinate LDT and vertical lines task), enhanced field
independence (i.e. by ignoring the inducing grating or the herringbone lines in the above task),
and the use of external geometric cues (as shown in the vertical lines, JLAP, and parallel lines
tasks). The sex difference in the interaction between accuracy and visual field showed that when
the illusion was presented to the right hemisphere, males were less susceptible to the illusion
than were females. This again supports the proposal that coordinate processing is more RH-
dominant in males, although is does not support the proposal that males are more strongly
lateralized, as the difference was the result of decreased RH accuracy (i.e. increased left-shift)
for females. However, the accuracy advantage for right-handers suggests that the degree of
lateralization may indeed be an important component of the observed sex difference. The
inconsistency of these results is seen as a result of limitations in measurement accuracy, and
thus will require further investigation, particularly since no other studies (to the author's
knowledge) have examined the effects of all of these factors on the tilt illusion.
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9.4.2 Comparisons between the tasks
The correlational analysis presented a similar pattern of sex differences in the
relationships between the tasks to those found in experiments A and B (in particular their factor
analyses). For the overall data, most tasks correlated significantly, suggesting that they rely on
similar spatial skills (as hypothesised), or that they involve separate groups of skills that tend to
correlate in terms of individual differences in ability. For females, most tasks correlated
significantly, while for males there were far fewer significant correlations between tasks. This
suggests that males and females may possess the same set of spatial skills, but that differences
in ability (and sensitivity, in the case of male-typical skills) tend to result in distinct sets of skills
being preferentially used. As a result, females are likely to use a comparatively small set of
spatial skills – particularly egocentric-categorical encoding and OTPA – to complete all the
tasks, while males are more likely to excel in using a larger number of distinct but
complementary spatial skills, such as an allocentric frame of reference, coordinate encoding,
space constancy, and field independence. As a result, performing computational analyses in
choosing the tasks that measure sex-typical aspects of spatial cognition has allowed clear and
reliable sex differences to be elicited.
9.4.3 Limitations
In addition to the logistical limitations of measuring hemispheric specialization and
lateralization of function, results showed that reaction time measures were rarely sensitive to a
sex difference in performance, as measured by accuracy. This may be a consequence of various
methodological issues, such as a sex difference in familiarity with computers, typing skills, or in
motor coordination or speed. However, this may also be an accurate reflection of sex
differences in spatial cognition. That is, male-typical and female-typical encoding strategies
may take the same amount of processing time on many tasks, but be differentially accurate. For
example, the vertical lines task showed a very large accuracy advantage for males, but no sex
difference in reaction time. Instead of reflecting a limitation in measuring reaction time caused
by extraneous variables, this could potentially suggest that males and females process
coordinate information in a similar amount of time, but that males have an enhanced ability to
encode and process that information accurately.
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10 General discussion
The results of the experiments in this thesis provide strong support for the proposed
model, and offer an extension to the hunter-gatherer model of sex differences in spatial
cognition (Silverman & Eals, 1992). This empirical approach is based on a transparent sequence
of reasoning from theory to experiment to interpretation, and serves as an example of the utility
of evolution as a guiding metatheory. Firstly, based on comparative and biological-proximal
data, it was hypothesized that spatial abilities in humans are an adaptation, shaped primarily by
navigational requirements. That is, there are likely to be a number of cognitive modules that are
functionally organized to solve the adaptive problems associated with spatial cognition faced by
our ancestors in the EEA. Secondly, results from comparative studies suggest that sexual
selection has driven the evolution of sex differences in spatial ability in a number of species of
mammals, and that these sex differences are clearly and directly related to navigational
demands. Accordingly, an analysis of spatial selection pressures in the human EEA suggests
clear sex differences in foraging, and specifically in the navigational requirements associated
with hunting and gathering. These differences are likely to have driven the evolution of sexual
dimorphisms in the functional organization of spatial cognition. Thirdly, an analysis of the
computational demands of hunting and gathering suggests that males are likely to be sensitive to
and excel at spatial skills associated with survey-based wayfinding (such as allocentric and
coordinate encoding, and the generation of spatial representations with space constancy), while
females are likely to excel at spatial skills associated with route-based wayfinding (such as
egocentric-categorical encoding of the relational positions of a large number of objects). Fourth,
cognitive tasks that tax the skills hypothesized to underlie evolutionarily sex-typical spatial
demands are likely to show a clear and robust sex difference.
 This process of reasoning was used to predict performance on a large number of spatial
tasks (including novel tasks designed specifically to tax the proposed sex-typical abilities),
which revealed a clear pattern of sex differences that were generally highly consistent with the
proposed model. The overall pattern of results for males and females will now be reviewed.
10.1 Summary of results
10.1.1 The male advantage
As hypothesized, males showed an advantage in sensitivity and attentional bias toward
the geometric, Euclidian properties of space. The male advantage can be divided into two
principal components:
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• Males showed an advantage in using an allocentric frame of reference, which allows the
generation of mental representations with space constancy. This was evidenced by
advantages in the MRT, which is optimally performed by rotating representations whose
basic relationships do not change across viewpoints, and in the JLAP (and to a lesser extent
the rapid object array task), which requires non-rotational space constancy.
• Males showed an advantage in sensitivity to coordinate and Euclidian properties of stimuli,
as evidenced by large advantages in the coordinate LDT and the vertical lines task. This
enhanced sensitivity has a number of properties:
o  It seems to rely on the use of geometric reference cues, as evidenced by the very
large discrepancy in the size of the sex difference on the vertical lines and parallel
lines tasks. Specifically, the vertical lines task allows the use of geometric reference
points (such as the sides of the computer screen, possibly in addition to other
perceptual and vestibular cues), and showed a very large male advantage. In
contrast, the parallel lines task also involves geometric judgments of angle and
distance, but precludes the use of external geometric reference points, and showed
no clear sex difference. This is also compatible with the results of Collaer and
Nelson (2002), who found that the absence of external geometric reference cues
removed the male advantage on the JLAP.
o It is relatively robust to the effects of distracting information, which is seemingly a
result of a male advantage in field independence. This is evidenced by decreased
sensitivity to geometric illusions in males, which requires attending to geometric
reference cues in order to frame coordinate judgements, and filtering out illusory or
distracting information, such as the inducing gradient in the tilt illusion.
o  It may be used in encoding configural information about parts of objects or small
groups of individual objects (as shown by the Object Recognition and Rapid Object
Array tasks); such representations seem to have the property of space constancy.
This finding seems to be related to the formation of cognitive maps, which requires
encoding coordinate information about the configuration of distal landmarks.
10.1.2 The female advantage
As predicted, females showed an attentional bias (but not increased sensitivity) toward
directional egocentric-categorical information, and an enhanced capacity in storing and recalling
that information for use in object-to-position assignment. This strategy is associated with route-
based navigation systems, and is used to direct behavioural (i.e. egocentric) responses that focus
on the identities and relational (i.e. categorical) positions of a large number of landmarks, rather
than their Euclidian or coordinate position. The female advantage is thus most readily apparent
under two main conditions:
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• When using a route-based navigational system in gathering, landmarks are used as
references for behavioural responses, such as turning left at a specific landmark, rather than
as cues to Euclidian position on a survey-based cognitive map. That is, encoding the
relative (egocentric-categorical) position of a landmark – particularly as part of a sequence
along a route – is essential, while encoding its allocentric position is not. This is seen as a
distinction between female-typical object-to-position assignment and male-typical
positional encoding. Thus, as hypothesized, the female advantage was only apparent when
an object location memory task did not require accurate positional encoding. For example,
the Location Exchange task, which required OTPA only, showed a large and robust female
advantage. In comparison, the Location Shift task, which required positional encoding in
addition to OTPA, did not show a female advantage, at least when task difficulty was
sufficient (as below).
• When gathering, it is necessary to encode and recall the egocentric-categorical locations of
a large number of landmarks. The proposed female-typical encoding style allows sequences
of landmarks to be learned by 'chunking' their identities and relative positions, rather than
wasting cognitive resources on processing their metric positions. That is, the hypothesized
female-typical object-to-position-assignment attentional focus is efficient even when
encoding a large number of objects, while the male-typical positional attentional focus
becomes increasingly inefficient as the number of objects increases. Since a large memorial
capacity for landmark OTPA is not a computational requirement of hunting, this spatial
ability was hypothesized to show a female advantage. Accordingly, the female advantage
was only apparent when using a large number of objects; this was demonstrated by the
positive relationship between the size of the female advantage and the number of objects
used in the Location Exchange and Concentration tasks.
As hypothesized, the female advantage in attentional bias toward and capacity for
encoding relational categorical information did not extend to an advantage in sensitivity to this
information. This was firstly measured by using tasks that required a simple categorical
response, particularly the categorical LDT, which showed no female advantage. Secondly, this
was measured by providing categorical information that would assist performance on a task if it
were encoded. For example, the MRT used in Experiment C involved trials in which non-
directional categorical information could be used to complete the task without requiring
rotation, but this did not reduce the size of the male advantage or result in an increase in
performance for females. This result also suggests that categorical information used by females
may generally be directional, which is hypothesized to be useful in directing behavioural
responses when following a route (such as turning left or right). Similarly, the categorical object
recognition and rapid object array tasks provided categorical information that would have
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enhanced performance if encoded, so the lack of a female advantage suggests that females do
not show an advantage in sensitivity. So, while a small number of the tasks used showed a clear
female advantage, most tasks were useful in determining the limits of the female advantage (and
of the male advantage, as discussed above).
10.2 Utility and limitations
Since this thesis utilized an evolutionary approach, it may be useful to examine the
benefits and limitations associated with this field in general, followed by an examination of the
limitations of the current thesis. This is in part designed to defend EP generally – and by
implication this thesis in particular – from criticisms commonly levelled against the field.
10.2.1 Evolutionary psychology
The primary benefit of EP is that it is a metatheory that can unify the various sub-
disciplines within psychology, and allow psychology (as well as other social and behavioural
sciences) to become conceptually integrated with biology and the natural sciences (see Tooby &
Cosmides, 1992). Conceptual integration is fundamentally important in the natural sciences;
chemists cannot propose models that violate the laws of physics (at least without very
convincing evidence that those laws of physics are incorrect), even though those fields describe
matter at different levels of reduction. Indeed, all naturalistic sciences, including cognitive
psychology, must accept only those hypotheses that are physically and chemically possible,
since the natural sciences are implicitly considered conceptually and theoretically continuous
(Tooby & Cosmides, 1992), as they all rely on the metatheory that all matter obeys the law of
nature.
However, while the behavioural and social sciences such as psychology have adopted
many of the principles of the scientific method, there is not currently a strong conceptual
integration between disciplines because there is no underlying metatheory. For example, social
psychologists may potentially accept models of cognitive mechanisms (such as aspects of
altruistic behaviour) without consideration of the likelihood of their evolution, and evolutionary
biologists may potentially accept models of cognitive processes that do not address the
computational requirements (see Tooby & Cosmides, 1992). Evolution provides this metatheory
and the resulting conceptual integration between natural and life sciences: all matter obeys the
laws of nature, and all life evolved. Organic chemical reactions in the brain - as studied by
psychologists, neurologists, biologists, psychiatrists, and others - can thus be described in
mutually consistent physical, chemical, physiological, evolutionary, cognitive (computational),
and behavioural terms. This allows a more thorough scientific understanding of processes
involved at all levels of reduction, rather than isolated models that may or may not turn out to
be correct when subjected to the principle of mutual consistency.
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In addition to providing conceptual integration between disciplines, evolutionary theory
can provide a conceptual unification of psychology. For example, the socio-cultural and
biological-proximal approaches discussed in the previous chapters are both enhanced by an
evolutionary metatheory. Our understanding of the generation of culture is potentially greater if
we consider various evolutionary factors and models, such as the selfish gene metaphor, the
extended phenotype, memes (see Dawkins, 1976; 1982; 1986), sexual selection, signalling
theory, kin selection theory, and evolutionary game theory (for a review and discussion of these
see Miller, 2000a). Similarly, biological-proximal models are enhanced by the functional
approach afforded by evolutionary theory, since more distal adaptive explanations may reveal
organizational properties. For example, hormonal models of sex differences in spatial abilities
make conceptual sense – as opposed to forming a collection of findings without an overall
function – in the light of sexual selection models of sexual dimorphisms in spatial ability. In
both these cases, reciprocal information from sociology and biology respectively may be useful
in generating and refining evolutionary models. In terms of this thesis, the proposed model is
designed to assist in the further conceptual integration of information about spatial ability from
various disciplines.
Another important benefit of EP is that it can provide a functional explanation (at least
when an adaptation or exaptation hypothesis is proposed) that can be used to generate
hypotheses about cognitive and behavioural organization. This method of hypothesis generation
has proven experimentally useful (such as in this thesis; also see for example Silverman & Eals,
1992; more generally see Barkow, Cosmides, & Tooby, 1992), particularly since EP hypotheses
are subject to the principle of mutual consistency. As a result, developments in
metatheoretically relevant fields such as anthropology and cognitive neuroscience can provide
evolutionary psychologists with further directions for hypothesis generation.
One limitation of EP seems to be that scientists from many disciplines seem to have a
limited understanding of biology and its relationship to psychology (Tooby & Cosmides, 1992).
Accordingly, EP is commonly criticised on a number of grounds that result from
misconceptions, leading to 'straw man' notions of EP and unscientific moral/political arguments.
Rose and Rose (2000) present a volume of essays replete with these, which will thus be treated
here as a source of a number of common (but ultimately unhelpful) arguments. Some typical
arguments will be briefly discussed because they are so commonly cited as limitations of EP,
and are thus relevant to the current thesis.
EP is deterministic. Nelkin (2000, p. 22), for example, asserts that "evolutionary
principles imply genetic destiny", and similar opinions are found throughout Rose and Rose
(2000). This argument results from a lack of understanding of the relationship between genetics,
the environment, and behaviour. Briefly, evolutionary processes act on the relationship between
an organism and its environment; cognitive mechanisms are not expressed in a vacuum, but are
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adapted to react to environmental information. Rather than being genetically predetermined,
organisms must be free to behave in various ways that are contingent upon myriad
environmental and contextual factors. For example, eating behaviour depends on a large number
of variables: state of hunger, food quality, future availability of food resources, dietary
requirements, food preferences, previous experience with particular foods, provisioning
requirements, and many more. Content-specific adaptations allow individual organisms to
engage in essentially endlessly variable and malleable food-eating behaviours, not to follow a
simple pre-determined genetically-controlled action. This is in fact the opposite of genetic
determinism, and behavioural flexibility (as opposed to fixity) is a fundamental principle of EP
(Kurzban, 2002). Furthermore, according to evolutionary psychologists and biologists,
environmental and biological factors are both fundamentally involved in development and
behaviour (see Barkow, Cosmides, & Tooby, 1992). Thus, a 'genetic' explanation describes a
relationship between biology and environment, in which behaviour is seen as a non-
deterministic emergent property of their interaction. In the case of spatial ability, the current
evolutionary explanation reveals flexibility in the generation of spatial representation, which
emerges as a result of an interaction between various genetic, biological-proximal, social, and
experiential factors.
EP is panadaptationist. As discussed above, Gould (2000) asserts that evolutionary
psychologists are convinced that all currently useful behaviours (such as reading and writing; p.
104) are either adaptations, or they "must have arisen as adaptations" (p. 100); by focusing
entirely on adaptations, evolutionary psychologists are described as 'panadaptationists'. Gould's
(2000) position seems unfair, as evolutionary psychologists routinely propose and test by-
product hypotheses, and have done so for decades. See for example Symons (1979), and his
discussion of by-product hypotheses of reading and writing, which are, as pointed out by
Kurzban, 2002, ironically the same examples used by Gould to charge evolutionary
psychologists of panadaptationism 21 years later. While the current thesis uses an adaptationist
approach, this is the result of following the criteria used by biologists (see Appendix A) to
determine whether a mechanism shows evidence of functional organization and special design.
As discussed previously, spatial cognition clearly satisfies these criteria.
EP has moral and political ramifications. Nelkin (2000) argues that EP is "a vision of
morality and social order, a guide to moral behaviour and policy agendas" (p. 20). Similar
arguments are made throughout Rose and Rose (2000), and seem to reveal the false belief that
biological (or 'natural') explanations entail moral approval of the behaviours in question. This
idea that describing a biological basis for a behaviour is to morally condone it and its
consequences is known as the 'naturalistic fallacy', and has been thoroughly rejected by
evolutionary psychologists (see Kurzban, 2002). It is a fundamental principle of science that
scientific claims about the natural world are entirely distinct from moral claims, and no
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evolutionary hypothesis could ever morally legitimise a behaviour. For example, theft, murder,
rape, and violence are all 'natural' in that they occur regularly in the natural world, yet in view
of their horrific consequences they are not considered morally acceptable (Kurzban, 2002), and
would be erased if possible. Evolutionary psychologists, as human beings, may form political or
moral opinions, but these do not follow simply because the mechanisms they study are
biological in nature. For example, while studying sex differences is not inherently sexist, given
that biological reality has absolutely no bearing on morality, it is possible to use this
information in making political decisions about societal sex differences. However, these
decisions are moral, not scientific. A decision to provide increased financial benefits to mothers
of newborns is a moral decision about fairness and the responsibility of the state to care for its
citizens; this is informed by, but not a necessary product of, the biological reality that females
give birth. Indeed, the same scientific knowledge could be used to inform an opposite moral
judgement, for example that equality is more important than individual needs, so females and
males should receive the same financial benefits, regardless of need. Similarly, knowledge
about the relative spatial strengths of males and females may be used to inform any number of
decisions about education or employment (for example), but the current results do not dictate
any specific direction for these decisions. Thus, any moral or political judgements may be
informed by scientific knowledge, including EP, but are not a necessary (or often desirable)
consequence of that knowledge. Morality, not science, dictates how we use scientific
knowledge when making political decisions.
EP utilises unfalsifiable 'Just so stories'. This common criticism is related to the
panadaptationism charge above: adaptationist explanations simply describe a post-hoc
unfalsifiable relationship between present form and an unknown past (Rose & Rose, 2000,
p.170, p. 203, p. 253). Again, this results from a misunderstanding of adaptationist logic, our
knowledge of the past, directions of hypothesis generation, and even the nature of the scientific
method. These areas will be discussed as follows using the facetious example common in the
literature: that noses evolved for holding up glasses.
• Firstly, biological methods provide a set of criteria for determining the likelihood that a
feature is an adaptation (see Appendix A; also for example Pinker & Bloom, 1992). Put
simply, a biological feature may be classed as an adaptation only if it can be shown that it
solves an adaptive problem so well that it cannot have arisen by chance processes alone (see
Appendix A). While the classification of a feature as an adaptation is thus an empirical
question that can only be verified probabilistically (Tooby & Cosmides, 1995), it can be
argued with some confidence that any feature classed as an adaptation is intimately related
to a specific ecological function. Thus, descriptions of function are not simply unfalsifiable
or untested, because they must have been subjected to adaptationist logic. For example,
testing the hypothesis that noses evolved for holding up glasses involves many steps used
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by biologists in applying adaptationist logic (see Appendix A; also Tooby & Cosmides,
1995); disproving this theory requires only examination of selection pressures, which did
not exist for this trait in the EEA (since glasses were only invented recently), nor do they
currently exist (since having a nose that is particularly well-suited to holding up glasses
does not increase reproductive success). Other features of noses may be consistent with the
glasses-holding hypothesis (i.e. noses are species-typical, and are generally well-suited to
this task), but the strict and thorough process of adaptationist logic allows us to confidently
reject it. Similarly, the hypothesis that spatial abilities are an adaptation is potentially
falsifiable, for example by showing a lack of a relationship between spatial selection
pressures and spatial ability, and by disproving the large body of current evidence showing
this relationship (as discussed previously). Specific models of spatial adaptations may also
be falsified, for example by showing that proposed mechanisms are computationally
incapable of solving the adaptive problems. Indeed, spatial ability is only considered here to
be an adaptation because it shows clear evidence of satisfying the requirements of
functional organization and special design. A description of function in biology is not an
unfalsifiable 'Just so' story: it is a scientifically-generated model that must be supported by
data, and rejected if it does not fit the data.
• Secondly, our knowledge of the distant past is not mere conjecture; numerous established
fields such as geology, archaeology, anthropology, and genetics provide the information
that evolutionary accounts are based upon, whether they are adaptationist or by-product
hypotheses. The criticism that EP rests on an unknown past and thus produces untestable
hypotheses (for example Gould, 2000) is unfounded because we do in fact know a good
deal about the past, provided by the above fields of study. For example, we know that noses
could not have evolved as an adaptation for holding up glasses at least partly because we
know that noses existed long before the invention of glasses. To use Gould's (2000)
examples of reading and writing, we know that these are likely to be by-products of other
cognitive mechanisms because they appeared so recently in our evolutionary history.
Furthermore, many of the computational demands of life have remained the same
throughout hominid evolution (and indeed much earlier): we have always needed to eat,
avoid injury and predation, care for offspring, and resist disease. Similarly, physical
principles of the environment have remained the same since life began: objects have reliable
physical properties such as continuity and weight, and follow the laws of motion; the sun
rises and sets in a diurnal cycle; and time flows in one direction. These properties of the
environment are important for evolutionary psychologists, and may be used to generate
theories about our cognitive organization, including spatial ability.
• Thirdly, evolutionary psychologists routinely generate hypotheses that a priori predict
novel outcomes. For example, Silverman and Eals (1992) predicted and found a novel
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female advantage in object location memory based on their hunter-gatherer model, and the
current thesis predicted and found a number of novel male advantages in sensitivity to
coordinate information. This direction of hypothesis generation (also used in the current
thesis) is by definition entirely immune from criticisms that it involves 'Just so storytelling'.
• Fourth, it is the nature of scientific enquiry that hypotheses seek to explain a relationship in
the natural world, are generated based on available data (and are thus in a sense always
post-hoc), and are supported or rejected based on further repeated testing. In this sense, all
scientific hypotheses, including those generated by evolutionary psychologists, are designed
to 'tell stories' – to explain aspects of the natural world. (Note also that the way in which a
model is generated does not affect its testability: the way in which it relates to the data
does.) For example, it is observed that males show an advantage on some spatial tasks, and
an evolutionary model proposes that this is an adaptation shaped by spatial selection
pressures involved in foraging style. This model 'tells a story' about male spatial ability in
that it proposes an explanation, but it is composed of a number of distinct hypotheses, each
of which is testable and falsifiable. These hypotheses include:
o  That spatial ability in humans is an adaptation, i.e. that spatial ability must show
evidence of special design, according to the criteria above. This can be falsified by
repeated failure to find corroborating evidence, or by the repeated discovery of
opposing evidence. For example, showing that there is no heritable genetic
component to spatial ability would falsify the model.
o  That navigational requirements shaped spatial ability in the human EEA, i.e. that
spatial ability must be functionally related to specific computational requirements.
Again, this can be tested and falsified by the cumulative generation of corroborating
and/or disconfirming evidence. For example, adaptationist models in general could
be falsified by showing that spatial ability in humans is not capable of solving
adaptive problems in the EEA, and the proposed model in particular could be
falsified by showing that the proposed cognitive mechanisms do not meet the
relevant computational requirements.
o  That males show an advantage in spatial tasks that measure the skills underlying
male-typical navigational strategies. This can be falsified by repeatedly finding no
male advantage on relevant tasks, or by showing that there is no relationship
between the hypothesized navigational skills and the cognitive tasks used to
measure those skills. Note that falsification of this kind does not disconfirm the
general assumptions of the model (i.e. the above two hypotheses). That is, since this
model involves hypotheses at a number of proximal and distal levels of explanation,
falsification at one level does not necessarily result in falsification at the others.
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It seems that the most common arguments against EP are typically based on a
misunderstanding of the subject, and as such are not useful in improving it as a research
paradigm. However, there are some limitations of EP that are important to consider when
evaluating the strength of current findings. One genuine limitation of EP is essentially a
consequence of uniting diverse fields: evolutionary psychologists rely on information from a
wide variety of complementary fields in order to generate models. This has two main
consequences, both of which involve the limitations of knowledge. Firstly, as scientific
knowledge becomes increasingly specialised, having expertise in a number of areas becomes
increasingly difficult for any individual. Currently, this is potentially problematic because
recent developments in isolated fields (i.e. those developments that are typically only
understood by experts in that field) are not necessarily shared with other disciplines. If
evolution becomes a more widely-accepted metatheory for the behavioural and social sciences,
greater conceptual integration between disciplines will hopefully result in greater
communication of recent findings, current debates, and the consensus of opinion.
Secondly, each scientific discipline contains many gaps in knowledge, and multi-
disciplinary approaches (such as EP) are intrinsically hampered by their additive effects. For
example, cognitive neuroscience is limited by knowledge of the computational principles of the
brain, biology is limited by knowledge of the relationships between genes and behaviour,
paleoanthropology is limited by knowledge of preserved evidence of human prehistory, and EP
is limited by knowledge of all these factors. Thus, current evolutionary explanations tend to
have gaps in knowledge that further research in numerous specific areas is required to fill.
Optimistically however, this is a reason to pursue EP rather than abandon it: the conceptual
integration afforded by evolutionary theory can potentially help fill in these gaps in knowledge,
and provide a richer multi-faceted understanding of psychology as a result.
10.2.2 The current thesis
There are three main sources of limitations of this thesis: theoretical, logistical, and
experimental. Firstly, the theoretical limitations of EP are discussed above, but principally
revolve around the cumulative effect of a lack of knowledge in the various fields it invokes.
This lack of knowledge, which seemingly must affect all modern areas of scientific study to
varying degrees, is seen as a challenge that can be overcome by application of the scientific
method. This includes informed speculation in generating hypotheses, for example in
performing further computational analyses of hunting and gathering, and testing those
hypotheses as thoroughly as possible. It is true that future anthropological, neurological,
genetic, or cognitive evidence may violate some of the assumptions underlying the proposed
model, but this would result in the rejection of at least part of this model, not the method driving
its generation and empirical testing. Furthermore, limited prior research into computational
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analyses of evolutionary models of spatial ability has meant that some of the hypotheses offered
here are necessarily more conjectural than others, and may be more likely to become subject to
revision or alternative interpretations. While the general conclusions were based on the overall
configuration of results rather than any one task in particular, it seems that the most precisely
derived hypotheses (such as the angular distance effects of MR strategy) may be more
theoretically useful than the more conjectural hypotheses (such as encoding the spatial concept
of 'parallel'), as the former tended to generate clearer results, thus allowing more focused
interpretation and specific hypothesis generation.
Secondly, there are a number of logistical limitations of the current studies associated
with the choice of measurement tools and tasks. For example, brain imaging and hormonal
manipulation techniques would have been ideal in testing the proposed model, but were not
possible for financial and ethical reasons. Similarly, programming, technical, and financial
restrictions precluded the use of virtual navigational tasks, which may have been useful as
comparisons to the lower-level tasks. However, this was not a serious limitation for a number of
reasons, as discussed previously. Specifically, a sex difference in wayfinding strategy and
ability has been reported by a number of authors (for example Beatty & Troster, 1987; Dabbs et
al., 1998; Groen et al., 2000; Hartley et al., 2003; Lawton, 1994; Moffat et al., 1998; Sandstrom
et al., 1998; Saucier et al., 2003; Silverman et al., 2000), and these results suggests a clear
behavioural and neurological sex difference in the use of route-based and survey-based
wayfinding, and a clear relationship between survey-based wayfinding and mental rotation
ability (for example Silverman et al., 2000). Thus, instead of replicating these results, the focus
of this thesis was on investigating increasingly lower-level skills underlying the observed sex
differences. The relatively narrow and direct focus of this thesis is seen as a feature rather than a
limitation, as it allows a computational analysis to be more carefully controlled. That is, arguing
that enhanced coordinate encoding and space constancy are male-typical adaptations shaped by
the computational requirements of hunting is not convincing unless tasks that specifically
measure these skills (such as the coordinate LDT and the JLAP) show a clear male advantage.
In other words, it cannot be argued that the skills underlying specific navigation styles show a
sex difference by measuring navigation styles; it is necessary to measure the underlying skills
directly.
Other limitations of this thesis seem to be generally experimental. For example, some
tasks showed evidence of participants not reading instructions, being unmotivated, or
deliberately performing the task incorrectly. This problem is of course not limited to the current
study, but may potentially have been exacerbated by using large batteries of tasks that require
extended periods of concentration. It may be that while the experimental design used in this
thesis benefited from the statistical and conceptual benefits of a within-subjects design, it
incurred costs of participant effort and concentration.
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10.3 Future research
10.3.1 The relationships between various models
The proposed evolutionary model is compatible with, and provides a framework for,
socio-cultural and biological-proximal models of sex differences in spatial abilities. That is, it is
likely that the expression of sex-typical adaptations for spatial ability depends at least in part on
various environmental and internal developmental factors, and an understanding of the
functional organization of these adaptations will be useful in understanding which
developmental factors may be important. As a result, the findings of the current thesis can be
used to drive research with both socio-cultural and biological-proximal foci.
Firstly, most socio-cultural accounts have focused on the increased spatial experience of
males (such as in playing) in order to explain the traditional finding that males have generally
superior spatial abilities. However, this does not accord with the more modern view that spatial
ability is not a unitary phenomenon, and that not only do some components not show a male
advantage (Voyer et al., 1995), but some show a female advantage (Silverman & Eals, 1992).
An evolutionary approach may be useful in explaining why biological-proximal studies suggest
an 'innate' sex difference in toy preference (i.e. that it is driven in part by organizational
hormone effects; see Berenbaum & Hines, 1992; Berenbaum, et al., 1995; Kimura, 1999), and
may also be useful in driving research investigating the spatial experiences leading to the female
advantage. For example, female-typical play and activity preferences may require attending to
egocentric-categorical spatial properties, such as recalling the relational positions of a large
number of items or toys (for instance in a doll-house). By understanding the functional
properties of sexually dimorphic spatial cognition modules, it is possible to advance functional
models of the relationship between developmental experience and observed patterns of spatial
behaviour.
Secondly, biological-proximal models offer an explanation of how evolutionary
adaptations are implemented, and how these adaptations are modulated. While the current thesis
does not provide any evidence regarding the social development of sexually dimorphic spatial
abilities, it attempts to provide some (albeit limited) biological-proximal evidence which may
be useful in directing future research. For example, data generally suggested that male-typical
spatial abilities are enhanced by increased lateralization of function (as found in right-handers
and menstruating females). While results often showed no significant effects of any of these
groups, trends were typically in the predicted direction. Future biological-proximal research
may be more successful in producing clear and reliably controlled relationships between the
sexually dimorphic computational components of spatial cognition and cerebral organization.
For example, the dorsal and ventral visual pathways seem to be related to egocentric and
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allocentric encoding respectively (Dijkerman et al., 1998), and the current data thus suggest that
these streams may potentially be sexually dimorphic. This need not necessarily be in the form of
a male advantage on ventral processing, but may be, for instance, a difference in the attention
given toward each pathway in further cognitive processing. This process allows
neuropsychological research to be based on functional and computational cognitive models, and
vice versa.
By examining the relationships between the approaches to studying sex differences in
cognition, it seems clear that an important benefit of an evolutionary approach is not simply in
the provision of an inclusive framework for and functional understanding of existing data, but is
also in the ability to generate models with predictive utility. For evolutionary models, future
research may thus focus on further computational analysis of the spatial skills associated with
hunting and gathering in order to make increasingly detailed and precise predictions. For
example, while females may not have enhanced sensitivity to categorical information, they may
have enhanced sensitivity to perceptual properties that assist the identification and OTPA of
objects, such as colour. If ecologically-based computational analysis suggests that sensitivity to
colour is particularly useful in route-based wayfinding and OTPA, then a female advantage in
sensitivity to this could be predicted. If this hypothesis were supported, it would be a useful
addition to the current model.
10.4 Conclusions
This thesis makes a unique and significant contribution to the study of sex differences
in cognition, and to the hunter-gatherer model (Silverman & Eals, 1992) in particular. This was
achieved both theoretically and experimentally, firstly by analysing the computational
requirements of hunting and gathering, and determining how the components of spatial
cognition relate to these evolutionary requirements. This process extends and builds upon the
hunter-gatherer model by incorporating components of spatial cognition such as categorical and
coordinate encoding and the separable processes of object location memory (Postma & de Haan,
1996), and by developing the components of allocentric/egocentric frames of reference and
space constancy introduced to this model by Silverman et al. (2000). Experimentally, the
contribution to the hunter-gatherer model was achieved by using a large number of tasks (some
of which were entirely novel, at least in this context and to the author's knowledge), which were
used to differentiate subtle differences between components of spatial cognition.
More generally, it is hoped that this thesis provides an example of evolutionary
psychology that is testable and rigorous, and that is a useful contribution to the field. It provides
an example of clear and reasoned hypothesis development based on functional and
computational analyses, a process of careful and thorough testing, and a resulting model that is
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strongly supported by a large data set. Finally, it provides a model of sex differences in spatial
cognition that is potentially capable of framing a large body of research in this field from
seemingly divergent sources, including both biological-proximal and socio-cultural
developmental accounts. This may potentially assist the process of understanding the functional
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12 Appendix A: Evolution and Evolutionary Psychology
Over time, evolution can produce complex, functional, and adaptive design in
organisms (Buss, Haselton, Shakelford, Bleske, & Wakefield, 1998). While the details of this
process are often complex, the basic mechanisms underlying the evolutionary process are
comparatively straightforward, and can readily be used to produce models of cognitive
psychology. The most fundamental mechanism of evolution – natural selection - is introduced
briefly as follows.
12.1 Natural selection
Natural selection is the only adaptive mechanism of evolution; it is the only
evolutionary mechanism that can result in complex, functional traits and designs that are
specifically adapted to an individual’s ecology and environment. This is essentially achieved
through a cycle of three main components: variation, inheritance, and selection (Darwin, 1859).
Firstly, variation in the gene pool of a population (as a result of factors such as mutation, sexual
recombination, gene flow, and genetic drift) creates differences in the degree to which
individuals are suited to the various environmental pressures that reliably threaten their survival
and reproduction. These environmental pressures are known as selection pressures, and include
being physiologically healthy, avoiding predators and other hazards, finding food and shelter,
navigating around a complex and dangerous environment, and attracting mates. Secondly, the
genetic factors that affect success in dealing with selection pressures are heritable, so
individuals are likely to pass on these ecologically-relevant traits to their offspring. Thirdly,
individual differences in environmentally-relevant traits result in differential reproductive
success, and hence differences in the extent to which individuals' genes are propagated through
the gene pool. Individuals who are relatively better suited to their environment are likely to pass
on these functional traits to a relatively high number of offspring, while less successful
individuals are more likely to fail in the task of survival (for example through starvation,
predation, or physiological problems), and are less likely to reproduce, even if they do survive
(for example due to physical features that render them less attractive to the opposite sex).
Through the process of natural selection, traits that render an individual better-suited to
environmental selection pressures are automatically propagated through the gene pool, and traits
that render an individual less suited to environmental selection pressures are automatically
diminished through the gene pool. Over the course of many generations, natural selection can
thus produce functionally organized traits that come to be species-typical adaptations to a
specific set of environmental selection pressures.
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Darwin (1859) regarded this differential success in handling selection pressures, which
ultimately results in differential reproductive success, as a measure of ‘fitness’. A modern
revision of the concept of fitness has been labelled ‘inclusive fitness’, which is essentially a
measure of the reproductive success of an individual and their genetic relatives (Hamilton,
1964). According to this model of inclusive fitness, genetic traits that are selected for are not
simply those that improve one’s chances of survival and reproduction, but are more broadly the
traits that increase the frequency of one’s genes in the gene pool. This is achieved either
directly, by producing successful offspring, who share 50% of one’s genes, or indirectly, by
assisting genetic relatives such as siblings or cousins, who share a lower, but still significant,
percentage of one’s genes. This gene's-eye-view of fitness (Dawkins, 1976) is useful in
understanding the genetic traits that natural selection actually selects for, including 'altruistic'
behaviours, which do not directly increase one's chances of survival and reproduction. For
example, genes that lead to altruistic behaviours directed toward genetic relatives will be
selected for if the resulting behaviours leads to an increase in the reproductive success of those
helped. This can occur even if the altruistic behaviours incur some costs such as metabolic
expenditure, which could lead to lower individual reproductive success, since the genes that
lead to altruism are propagated through the gene pool by proxy – that is, by genetic relatives
whose reproductive success is enhanced by altruistic relatives.
For natural selection therefore, the useful genetic traits are the ones that increase the
proportion of an individual’s genes in the gene pool, because they confer a relative adaptive
advantage to that individual and their genetic relatives. The more useful a trait is in conferring
an adaptive advantage, the stronger the selection pressure to have that trait. For example, traits
that lead to substantial advantages in essential areas such as finding food, avoiding predators,
and attracting mates are more likely to be selected for than are traits that lead to less fitness-
enhancing qualities such as a particular eye colour. Traits that result in a strong adaptive
advantage are propagated through the gene pool, until they become species-typical. For
example, consider three competing alleles that code for a particular enzyme involved in
digestion. If only one of these alleles codes for a variation of the enzyme that allows digestion
of an abundant food such as grass, then individuals with that enzyme (and thus that allele) will
be much more likely to survive and reproduce under conditions in which food is scarce. That is,
that allele confers a strong adaptive advantage, and will be passed on in greater numbers to the
next generation. As the proportion of the population with that allele increases, those without it
face a strong adaptive disadvantage, and most will fail to compete successfully. Eventually, all
members of the population will have that allele, and at this point it is said to have reached
fixation. The other alleles, which could not compete, are essentially eliminated from the gene
pool, or are at least severely reduced in number. In this way, natural selection results in the
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evolution of gene pools, which causes individuals of that population to inherit traits that render
them relatively well adapted to their environment.
12.1.1 Selection pressures
Natural selection selects for traits that increase an individual’s relative inclusive fitness:
the individual's ability to survive, reproduce, and assist the survival and reproduction of its
genetic relatives. Each of these requirements of inclusive fitness will be discussed below.
12.1.1.1 Selection for survival
Darwin noted that reproduction is ultimately the most important requirement of fitness:
surviving without reproducing is not useful in evolutionary terms, because it does not involve
passing on one’s genes. However, passing on one’s genes by reproducing is, of course, entirely
contingent upon surviving environmental pressures, at least until reproductive age. As such,
natural selection selects for genes that help individuals survive those environmental pressures
that may affect their eventual ability to reproduce. Some important requirements of survival
include being physiologically healthy, finding food and shelter, avoiding predators, and having
the ability to learn about environmental demands, so as to solve such tasks more quickly. The
ability to withstand these environmental pressures is a requirement of fitness, and as a result,
natural selection has produced highly adaptive strategies and tools to face them in all successful
animals. These tools include physical adaptations, for example the strength and speed of
predators such as sharks, as well as cognitive adaptations, such as the ability of desert ants to
navigate well enough to find their nest over large distances after foraging for food, in the
absence of landmarks.
Success in adapting to a foraging ecology well enough to find enough food is one of the
most important survival selection pressures, and has resulted in the evolution of many highly
adaptive, specific, and complex foraging strategies. For example, predators such as sharks have
evolved senses that are highly tuned to stimuli associated with potential food, such as the smell
of blood, and the vibrations associated with vulnerable prey. In addition to this, they have
evolved physical attributes such as speed, power, and very sharp teeth that help them catch prey
once they have detected it. This is because there is competition amongst individual sharks for
food; those sharks that are less able to find enough food are unlikely to survive until
reproductive age, and hence are less likely to pass on their genes. The genes that lead to traits
that aid in finding food thus become more common in the gene pool.
12.1.1.2 Selection for reproduction: Sexual selection
In addition to selection pressures that act on survival (such as predator avoidance),
Darwin (1871) discussed selection pressures that act on reproductive competition; this results in
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a type of natural selection known as sexual selection, which is of particular relevance to the
study of evolved cognitive sex differences (Miller, 2000a). Sexual selection may occur when (a)
individuals are choosy about their sexual partners, for example when females choose male
sexual partners based on criteria such as excellent courtship displays, or (b) when there is
competition for mates, such as when males compete for sexual access to fertile females by
demonstrating dominance.
Trivers (1972) argues that the sex that has the greater investment in copulation will
show greater discrimination in choosing mates; in mammals, this is often the female of a
species. (Note that this is not always the case, and this discussion pertains most directly to
moderately polygynous social groups.) For example, females have to carry the foetus for the
period of gestation, during which time they cannot bear more offspring; females are also more
likely to care for their young after birth, which carries a high cost in terms of providing food
and finding future mates. Since the reproductive rate of females is limited by this gestation and
post-gestation periods, and since producing offspring carries comparatively high costs, females
generally benefit from selecting their mates carefully. That is, females who carefully select their
mates based on indicators of fitness, such as physical well-being, have an adaptive advantage
over females who have no selection criteria, as their partners are more likely to contribute genes
that increase the likelihood of their offspring being fit. In this way, sexual selection results in
the evolution of female choice as an adaptive strategy.
By comparison, males typically have little investment in their offspring during
copulation, gestation, or postnatal care, and can produce as many offspring as they have willing
females: their reproductive rate is limited only by their opportunities for reproduction (Gaulin,
1995). However, it is also useful for males to be choosy about their mates, particularly if they
have some parental investment. For example, females with positive fitness indicators, such as
being physically healthy and of relatively young child-bearing age, are more likely to produce
healthy offspring – thus increasing the inclusive fitness of the male – while females with poor
fitness indicators are less likely to produce fit offspring. Given the choice then, it is adaptive for
males to mate with females who have the most positive fitness indicators. On the other hand, it
is costly for males to be too choosy about female mate choice, since this may lead to severely
reduced mating opportunities, which are usually in high demand. In this way, sexual selection
produces an adaptive strategy of males being reasonably choosy about their mates, although
female choice is, for many mammalian species, the more important driving force in sexual
selection (Darwin, 1871; Miller, 2000a).
Another important driving force behind sexual selection is competition for mates. In
many social groups, there seems to be a trade-off between parental investment and courtship
effort; the most common situation involves males competing more and investing less, and
females investing more and competing less. Like mate choice, competition is driven by fitness
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indicators: as an adaptive strategy (as described above), females are attracted to the males with
the most positive fitness indicators, which may include physical ornamentations such as
plumage or colorations, or behavioural characteristics such as fighting ability. As a result, males
who compete the most effectively (i.e. those with the most desirable characteristics) propagate
their genes, while those with less competitive success fail to do so. It is important to note that
the fitness indicators that drive mate choice and competition in sexual selection vary depending
on a number of factors, and are often fairly arbitrary (Miller, 2000a). One important factor is the
structure of the social group; for example, in pair-bonding species in which males are involved
in parental care, females may choose mates based on their ability to provide for offspring, so
nest-building and hunting ability may become fitness indicators. In species in which males have
limited reproductive ability (for example as a result of exclusively caring for offspring), females
have to compete for mates, and sexual selection may thus drive the evolution of ornamentation
in females.
Competition for mates (as driven by female choice) can result in selection for features
that are maladaptive in terms of survival - such as the tails of peacocks, which have large
metabolic costs and confer increased visibility to predators - as long as they are adaptive for
success in reproductive competition. In this case, the peahen's preference for the fitness
indicator of a large tail means that even if peacocks with a small dull tail are better able to
survive, they are much less likely to reproduce and pass on their genes because they cannot
attract mates. As a result, genes which code for small, efficient tails become less frequent in the
gene pool. For males, the reproductive success afforded by a spectacular tail outweighs its
associated survival risks, and the result is the evolution of sexual dimorphism. In polygynous
species, this can result in the 'runaway' effect (Fisher, 1930), whereby large sexual dimorphisms
such as the peacock's tail can evolve; see Miller (2000a) for a discussion of this process. The
female preference for the large tail as a fitness indicator means that the large tail is adaptive,
despite its associated costs. Indeed, Zahavi (1975) argues that the metabolic costs of a large tail
mean that it is particularly effective as a fitness indicator, and thus it is adaptive for females to
select for it precisely because it is a 'handicap' which must be overcome if a male is to become a
healthy adult; this can only be achieved by particularly fit males. Any female preference that is
fixated on a trait that actually indicates fitness is thus also an adaptive advantage for females,
since it reliably helps them to select males who are likely to provide good genes for their
offspring, thus increasing their own inclusive fitness (Miller, 2000a).
Game theory (as studied in economics as well as biology; for example Maynard Smith,
1982) is useful in understanding the process by which specific fitness indicators can become
group-typical. In the case of mate competition, the consequence of each male's competitive
behaviour depends upon the behaviour of other males. For example, if a female preference for a
particular courtship behaviour such as fighting other males has developed, then performing
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another courtship behaviour such as a display is not an effective strategy in competing for
mates. In this case, the rational strategy for all males is to compete by fighting, even though this
entails considerable costs (such as risk of injury and energy expenditure) compared to
alternative courtship behaviours. Thus an equilibrium is formed that coordinates competition
behaviours amongst males, even though the equilibrium may not be the most rationally or
adaptively ideal strategic choice (although in order to propagate it must be a fitness indicator).
It is worth briefly considering the basic genetic mechanisms underlying the evolution
by sexual selection of sexual dimorphisms, as this may explain both the existence of similarities
between the sexes, and the biological-proximal mechanisms by which sex differences develop.
In the case of the peacock's tail, females have alleles for choosiness (which is an adaptive
strategy as described above) in relation to tail-length, and males have alleles for variations in
tail-length that provide differential competitive reproductive success. Mating partners with these
traits (who are likely to be reproductively successful, thus propagating their genes in relatively
high numbers) are likely to pass their genes on to their offspring of both sexes; Darwin (1871)
named this the law of equal transmission. Thus, counter-productively, males are likely to inherit
genes for choosiness based on tail length, and females are likely to inherit genes for long tails
(and vice versa). However, both of these situations incur fitness costs that are not outweighed
by other advantages. In the case of males, it is maladaptive to be overly choosy, as this sharply
reduces reproductive success, given that males have to compete for scarce mating opportunities.
In the case of females, a long tail incurs survival costs in terms of metabolic expenditure and
visibility to predators, and if males are not choosy in regards to tail length, then long tails for
females are purely maladaptive. In such cases, Miller (2000a) notes that the most common
consequence is the evolution of genetic mechanisms that prevent the expression of traits that are
differentially desirable for males and females. This is typically achieved through early exposure
to sex hormones (as determined by genetic sex), which results in males and females expressing
sex-typical characteristics, despite sharing common genes.
Sexual dimorphisms caused by sexual selection are often related to mating strategy
(Gaulin, 1995). In highly polygynous species, male reproductive rate is limited only by
reproductive opportunity (as above). However, in monogamous species, raising offspring often
requires biparental care, so impregnating and deserting many females does not increase
reproductive success, since the offspring of deserted females will die. In such species, there is a
greatly diminished sex difference in reproductive rate, and no difference if monogamy is perfect
and lifelong (Gaulin, 1995; Miller, 2000a). The large sexual dimorphisms described above are
driven by very large individual differences in reproductive success, which is usually a
consequence of the male potential for a fast reproductive rate, and the ensuing competition for
mates. Thus, sexual dimorphism generally increases with the degree of polygyny, and decreases
with the degree of monogamy (Miller, 2000a). Compared to various species, humans, which
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show relatively moderate sexual dimorphisms, are considered less polygynous than gorillas or
peacocks (which show a large sexual dimorphism in size), but less monogamous than strongly
pair-bonding species such as the albatross (although ancestral humans are believed to have often
pair-bonded, and shared responsibilities in caring for offspring; Bird, 1999; Potts, 2003).
While selection for survival is commonly implicated in the evolution of spatial ability,
sexual selection may often be important, particularly when the behavioural equilibrium reached
involves mate choice and competition based on spatially-demanding activities (Gaulin, 1995;
Miller, 2000a). These include male competition in guarding and maintaining a large home range
(for example in polygynous mammals such as meadow voles; see below and Gaulin, 1995), as
well as the male competition in hunting ability observed in human hunter-gatherer societies
(Miller, 2000a). Where success in these activities seems to relate directly to reproductive
success (for example Kawata, 1988), the consequential sexual selection for spatial ability can
thus produce a cognitive sexual dimorphism that parallels the behavioural dimorphism in
mating strategy (Gaulin, 1995).
12.2 Products of the evolutionary process
The mechanisms of evolution result in genes that confer an advantage being propagated
through a population; in time, this can result in organisms being functionally adapted to their
environmental selection pressures (Buss et al., 1998; Tooby & Cosmides, 1995). Indeed, natural
selection is the only known process that can result in complex, functional, adaptive organic
systems (Dawkins, 1976). However, there are a number of other products of evolution such as
by-products and random effects, some of which may be important in designing evolutionary
models of cognitive skills (Williams, 1966). As a result, it is useful to carefully define the term
adaptation, and determine whether spatial skills, or indeed any cognitive abilities being studied,
are likely to belong to this category (Tooby & Cosmides, 1995). This is particularly useful since
evolutionary psychologists have been accused of relying too heavily on adaptationist thinking
and ignoring other forces of evolution (Gould & Lewontin, 1979; Gould, 1991; although see
below for a discussion of the validity of this criticsm).
12.2.1 Adaptations
Tooby and Cosmides (1995) define an adaptation as a species-typical mechanism,
crafted by natural selection, that solves specific problems posed by regularities of the
environment encountered by ancestors over the course of a population's evolution. Adaptations
show evidence of 'special design' (Williams, 1966); they are so well engineered to solve a
particular problem that the possibility that they arose by chance processes, and only by
coincidence happen to have specific functional utility that promotes fitness, is essentially nil
(Tooby & Cosmides, 1992; 1995). Thus, the conclusion that a particular mechanism is an
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adaptation is an assessment of probability, based on biological, behavioural, and historical (for
example geological or palaeontological) evidence.
Following influential biologists such as Maynard Smith (1964; 1982) and Williams
(1966), Tooby and Cosmides (1992; 1995) describe a number of other notable features of
adaptations, including the following: they develop normally only when exposed to normal
ontogenetic environments, and are thus critically dependent on ontogenetic events such as
exposure to essential nutrients and social environments (Buss et al., 1998); they need not be
present at birth, but can develop later in life (for example the development of secondary sex
characteristics during puberty); they may be expressed differently in different environmental
contexts; and they need not be currently functional, but they must have conferred an adaptive
advantage during the environmental period in which they evolved. Tooby and Cosmides (1992)
argue that these definitional features are the basic method for identifying a cognitive feature as
an adaptation; importantly, this is the same as the method for identifying a physiological feature
as an adaptation, which has been long-established and used by biologists. In this sense, the
'function' of a design refers specifically to its propagation through the gene pool in the ancestral
environment (Tooby & Cosmides, 1995). This established biological approach is useful in
identifying how a particular design evolved or why it has a particular organization, and is
usually not supplied simply by common sense (Tooby & Cosmides, 1995).
One important aspect of evolution is that adaptations do not result in functionally-
optimal design – although in practice many, such as the visual system, are remarkably good, and
have not been surpassed by purposeful engineering (Tooby & Cosmides, 1995). Buss et al.
(1998) describe a number of constraints on optimal design (also see Dawkins, 1982), including
the following:
• Evolution is a slow process, while environments and selection pressures can change quite
rapidly. This time lag between the environment in which an adaptation has evolved and the
current environment can render mechanisms sub-optimally-designed, or even maladaptive.
For example, the moth's attraction to light is not optimally engineered for survival in
environments containing candle flames (Buss et al., 1998).
• Selection acts on variation, and as such the functional designs of adaptations are limited by
existing variation in the gene pool (Dawkins, 1986). Optimal solutions to adaptive problems
may exist at least theoretically, but if the genetic variation required to construct those
solutions does not exist, then they will not evolve.
• A related point is that evolution can only proceed through 'local optima': each intermediate
step in the design of a complex adaptation must not noticeably reduce fitness (Dawkins,
1986), so an evolutionary step toward an optimal design will not be selected for if it reduces
fitness in the short term (Dennet, 1995).
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For evolutionary psychologists, adaptations represent a fundamentally important
product of the evolutionary process (Buss et al., 1998; Tooby & Cosmides, 1992; 1995). This is
because selection is the only known cause of and explanation for complex functional design,
where 'functional' is being used in its strict biological sense: chance processes of evolution (as
are discussed below) cannot account for the evolution of improbably well-organized functional
arrangements (Tooby & Cosmides, 1995). (Although see the following sections on exaptations
and other products of evolution for the distinction between historical and current utility of
complex organizations.) Tooby and Cosmides (1992; 1995) argue that the study of adaptations
must thus be particularly enlightening when examining the functional organization of the brain
and behaviour. However, despite the central role of natural selection in evolution, evolutionary
psychologists also investigate (i.e. theorize about and test) non-adaptationist products of
evolution.
12.2.2 By-products and random effects
Although adaptations are the primary products of the evolutionary process, they can be
contrasted with two other products of evolution: by-products and random effects (Buss et al.,
1998). By-products are characteristics that do not solve adaptive problems, and do not show
evidence of functional design – that is, they do not show the hallmarks of adaptations. Instead,
by-products are properties that are not functional per se, but that are coupled to mechanisms that
are (Tooby & Cosmides, 1995). A common example is the whiteness of bone, which seems to
be an incidental by-product of its high calcium concentration. In this case, calcium
concentration in bones was presumably selected for because of its physical and tensile
properties, not because of its colour (Buss et al., 1998; Symons, 1992). (In this example the by-
product is incidental and completely functionless, although, as will be discussed below, some
by-products may be much more useful.) This example illustrates that the identification of a
biological feature as a by-product requires the identification of its relationship to an adaptation
(Buss et al., 1998; Tooby & Cosmides, 1992). That is, the hypothesis that bone-whiteness is a
by-product must be subjected to rigorous standards of scientific proof (as is the case with
identifying adaptations; Tooby & Cosmides, 1995), and it must be determined whether the
whiteness per se is functional or not.
Examples of by-product hypotheses generated using evolutionary psychology include
proposed explanations for the female orgasm, the male nipple, reading and writing (Symons,
1979), and homicide (Daly & Wilson, 1988). In addition, Tooby and Cosmides (1992) have
offered a number of by-product hypotheses about cognitive adaptations for social exchange
(which were tested and rejected in favour of an adaptationist account). By-product hypotheses
may be useful in describing a large number of mechanisms that exist currently, but that cannot
have evolved due to time lag, such as learning calculus or driving ability. However, in each case
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the cognitive and behavioural skills described as by-products are by definition associated with
an adaptation, although they clearly did not arise as adaptations per se, and it may be often
useful to identify this relationship. For example, if reading is hypothesized to be a by-product
(for example Symons, 1979), then it is useful to understand the adaptations from which it has
been co-opted (potentially including various visual and linguistic functional mechanisms), as
this may reveal more about its underlying structure and organization.
Random effects (or noise) are products of evolution that are not linked to the adaptive
aspects of biological features (Buss et al., 1998). These may occur as a result of a number of
entropic processes, such as random genetic mutation and anomalous development, that
introduce disorder into the design of organisms. Traits that are introduced by random effects are
characterized by a lack of coordination between the environment and the architecture, as well as
unusual variation between individuals (Tooby & Cosmides, 1995). Because random effects do
not produce organized structure, they are generally of less interest to evolutionary psychologists
(Tooby & Cosmides, 1995).
12.2.3 Exaptations and spandrels
Gould (1991; Gould & Lewontin, 1979; Gould & Vrba, 1982) describes two useful (not
necessarily 'functional' in the strict sense) but non-adaptationist products of evolution:
'exaptations' and 'spandrels'. While there seems to be some disagreement about the precise
definitions of these terms (Buss et al., 1998), they seem to describe different ways in which by-
products and random effects can become useful. Gould (1991) defined an exaptation as a
currently useful feature that did not arise as an adaptation for its current role; rather, exaptations
have been co-opted from earlier adaptations for their current function. Buss et al. (1998) note
some inconsistencies in Gould's, 1991, definitions, although this definition seems to be
generally agreed upon. A commonly cited example of an exaptation is the development of
feathers in birds (for example Buss et al., 1998). That is, feathers are thought to have evolved
first as adaptations for thermal regulation. Later however, feathers became exaptations when
they were co-opted for flight: they did not arise as adaptations for their current role, even
though they are currently adaptive. According to this definition, many currently useful and
recently developed psychological mechanisms may be exaptations, given that they cannot have
evolved as adaptations in such a short time span (Pinker, 1997a). This proposal is well-accepted
by evolutionary psychologists, although terminology has often differed (and these cognitive
skills are sometimes described as spandrels, see below); for example, Geary (1996) describes
such cognitive skills as 'biologically-secondary', while 'biologically-primary' skills are
adaptations, such as language (although there is debate about whether language is an adaptation;
see Pinker & Bloom, 1992, for a review and an adaptationist hypothesis).
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The fundamental difference between exaptations and spandrels is that exaptations
originally arose as adaptations (although not for their current adaptive use), while spandrels
arose as incidental by-products or side-consequences (Buss et al., 1998). There seem to be two
types of spandrels: epiphenomenal and modified (or co-opted) spandrels (Buss et al., 1998;
Gould & Lewontin, 1979; Pinker & Bloom, 1992). Epiphenomenal spandrels are essentially
functionless incidental by-products such as the whiteness of bone, which Pinker and Bloom
(1992) note are not often particularly useful for evolutionary psychologists (although this is not
always the case), as they simply describe the features or an organism without referring to its
functional parts. Such functionless and incidental by-products do not help reveal the functional
organization of the brain and behaviour, although they may be important explanations for
various biological properties.
Co-opted spandrels are by-products that have been put to use (Pinker & Bloom, 1992).
For example, the spaces between the pillars of a bridge can be used for shelter, even though
those spaces were not specifically designed for such use; instead, they were a side-consequence
of the architecture of the bridge (Buss et al., 1998). Gould (1991) argues that many human
capacities are spandrels, including language, reading and writing; they are seen by Gould (1991)
as useful side-effects of a large brain, which arose as an adaptation for some unspecified
general-purpose problem-solving functions. (Note that Tooby and Cosmides, 1992, argue that
this pattern of evolution of the brain is exceedingly unlikely, see below.) The role of co-opted
spandrels seems to be related to the roles of adaptation and exaptation, and in many cases of
biological design all three may be implicated. For example, flight in birds was made possible by
co-opting feathers that were used for thermal regulation (as above). In this case, feathers
became an exaptation because they did not arise as a result of selection for their current purpose
(Buss et al., 1998). However, a spandrel of the architectural design for thermal regulation was
that feathers had useful physical properties for flight: they were very light but formed an
aerodynamically-cohesive structure. Thus, flight evolved at least partly because a spandrel of
the adaptive design of feathers allowed them to be exapted for a new functional purpose.
This interaction between adaptation, exaptation, and spandrel is likely to have been
important in the evolution of many biological mechanisms; natural selection may often act upon
spandrels that become architectural precursors for an adaptation (Pinker, 1997b). For example,
Gould (2000) discusses the cylindrical empty space inside a snail's shell (the umbilicus) as an
example of a spandrel that has been co-opted by some species as a brooding chamber for storing
eggs. The majority of snail species do not use the empty space inside their shell; it is a non-
adaptive architectural artefact. However, it seems likely that the snails that make use of their
empty space do so because their neural architecture has been altered in an adaptive way by
natural selection to make use of the spandrel (Pinker, 1997b). If a behaviour (such as storing
eggs in one's shell) is species-typical, functionally-organized, and heritable, it is likely to have
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at some stage been driven by natural selection, even if it arose originally as a result of a
spandrel. Given these definitional problems, many evolutionists seem to prefer the more general
term 'by-product' when referring to non-adaptationist mechanisms such as spandrels (for
example Tooby & Cosmides, 1995), although it is recognised that the term exaptation is useful
in avoiding conflating a structure's historical origins with its current function (for example Buss
et al., 1998).
Gould (1991; 2000) argues that by-products of evolution (particularly spandrels) should
be of central importance to evolutionary psychologists, but his position that spandrels account
for the majority of mental capacities has also been challenged by evolutionary psychologists. As
mentioned above, Gould proposes that our large brain arose as an adaptation for solving general
problems, and that most of our specific cognitive capacities such as language are thus spandrels,
not adaptations. This position has two fundamental tenets, both of which seem to be seriously
flawed (for example Pinker & Bloom, 1992; Pinker, 1997b). Firstly, Pinker (1997b) argues that
it is biologically much more likely that a large brain is a side-effect (a spandrel or by-product),
not an adaptation: a large brain carries very high metabolic costs, renders us particularly
vulnerable to serious injury from blows and falls, and makes childbirth dangerous for both
mother and child. In this view, which seems to be generally held by evolutionary psychologists
(Barkow et al., 1992), most fundamental cognitive capacities are seen as adaptations, whose
fitness benefits outweighed the fitness costs associated with the large brains they required.
Secondly, Tooby and Cosmides (1992; 1995) argue that most cognitive abilities – such as
perception, memory, language, reasoning, spatial ability, social exchange, and mate choice –
show evidence of species-typical functionally-organized design, and are thus more likely to be
adaptations than spandrels. By-product hypotheses are usually invoked by evolutionary
psychologists as an explanation for a number of modern or seemingly non-adaptive cognitive
abilities such as writing, music, religion, and dreams (Pinker, 1997b), although adaptive
hypotheses have been proposed for some of these (such as Miller's sexual selection hypothesis
for music; Miller, 2000b).
In summary, a number of authors (for example Buss, Cosmides, Daly, Pinker, Symons,
Tooby, and Wilson) have shown that evolutionary psychologists are concerned with
adaptationist and by-product hypotheses. These hypotheses must be applied using the
established definitional criteria and adaptationist logic of biology: if a feature shows evidence of
'special design' (such as being species-typical and functionally-organized; Williams, 1966) it is
likely to be an adaptation. If it shows evidence that it was co-opted for a new function from an
existing architectural feature (such as the space in a snail's shell), or if that function is too recent
to have evolved through natural selection (such as writing ability), then it is likely to be a by-
product, such as a co-opted spandrel.
